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The Arabidopsis thaliana genome contains more than 30 genes encoding SET-domain proteins that 
are involved in methylating various residues of histones. The SET Domain Group (SDG) gene family 
can be divided into 5 major subgroups based on the homology with Drosophila SET proteins. Here, 
we analyzed two A. thaliana ASH1 homologs, SDG7 and SDG24, which contain a SET domain 
accompanied by AWS and post-SET domains. Expression analyses demonstrated that SDG7 is 
expressed in proliferating cells of above and underground tissues, and localized within the nucleus and 
cytoplasm of root apical meristem (RAM) cells. The SDG24 gene revealed the presence of several 
splicing variants. Protein characterization of two SDG24 isoforms, SDG24.1 and SDG24.2, showed 
differential expression patterns in the root and gametophyte organs. In vitro assays showed that 
recombinant SDG7 and SDG24.1 bind to modified histone residues, but histone methyltransferase 
(HMT) activity was not detected. Specific nucleolar expression of SDG24.1 was identified in RAM 
cells. Analysis of SDG7 and SDG24 null mutants revealed alterations in the cell division and the DNA 
replication pattern in the RAM, as well as major alterations of ribosomal DNA (rDNA) repeats 
contained in young and differentiated tissues of the sporophyte. The sdg7-5 mutant presented an 
increase of active rDNA copies associated with the nucleolar-organizing region of chromosome 4 
(NOR4), whereas the sdg24-2 mutant displayed a loss of inactive rDNA copies associated with the 
NOR2 (chromosome 2). The loss of NOR2-inactive variants of sdg24-2 is epistatic to sdg7-5 and to 
atxr5/6 mutants (H3K27me1 HMTases) regarding the rDNA phenotype. We therefore propose that 

































El genoma de Arabidopsis thaliana contiene más de 30 genes que codifican proteínas con un dominio 
SET, de las cuales varias han sido asociadas a la metilación de diversos residuos de histonas. La 
familia génica que agrupa el dominio SET (SDG) puede ser dividida en 5 grandes subgrupos basados 
en la homología de secuencias con proteínas SET de Drosophila. En este trabajo se han analizado dos 
homólogos de ASH1 en A. thaliana, SDG7 y SDG24, los cuales poseen un dominio SET acompañado 
de un pre- y post dominios SET. Análisis de expresión han demostrado que SDG7 se expresa en 
células proliferativas de órganos bajo tierra y aéreos, colocalizando en el núcleo y el citoplasma de 
células del meristemo apical de la raíz (RAM). El estudio del gen SDG24 reveló la presencia de varias 
variantes de splicing. La caracterización de dos isoformas de la proteína SDG24, SDG24.1 y 
SDG24.2, demostró un patrón de expresión diferencial en la raíz y órganos del gametofito. Ensayos in 
vitro con las proteínas recombinantes SDG7 y SDG24 revelaron su unión a varios residuos de histonas 
modificados, aunque la actividad metiltransferasa de histonas (HMT) no ha sido detectada. 
Adicionalmente, SDG24.1 presentó un patrón específico de expresión en el nucléolo de células del 
RAM. El análisis de mutantes nulos de expresión de SDG7 y SDG24 reveló la presencia de 
alteraciones del patrón de división celular y de replicación del DNA en células del RAM, como 
también alteraciones importantes en las repeticiones de DNA ribosomal (rDNA) presentes en tejidos 
jóvenes y diferenciados del esporofito. Los mutantes de sdg7-5 presentaron un incremento de las 
copias activas de rDNA asociadas a la región organizadora del nucléolo del cromosoma 4 (NOR4), 
mientras que el mutante sdg24-2 presentó una pérdida de variantes inactivas asociadas al NOR2 
(cromosoma 2). La pérdida de las variantes rDNA-NOR2 del mutante sdg24-2 demostró ser epistática 
a los patrones de rDNA que presentaron las mutaciones de sdg7-5 y atxr5/6 (HMTasas específicas de 
H3K27me1). Por lo tanto, se propone que tanto SDG7 como SDG24 poseen una importante función 






















































1.1. Organization of eukaryotic genome 
Within the eukaryotic cell, the nucleus is a highly specialized organelle that houses the 
DNA. The most important function of DNA is to carry genes, the information that specifies 
all the proteins that make up an organism, including information about when and in what cells 
are to be made (Alberts et al., 2014). In eukaryotes, the genome is made of enormously long 
linear DNA molecules that need to be packaged in order to fit inside the cell nucleus. To do 
so, they associate with proteins and form the chromatin. The nucleosome is the structural 
repeating unit of chromatin, which consists of 147 base pairs of DNA wrapped around an 
octamer of the four core histone proteins — H2A, H2B, H3, and H4. A fifth histone class, the 
liker histone H1, associates with DNA between single nucleosomes, establishing a higher 
level of organization (fig. 1.1). This ‘beads-on-a-string’ organization forms the classical 
30 nm strand (Olins et al., 1975; Maeshima et al., 2014) though a recent study reveals that 
chromatin is a disordered 5-to-24-nanometer-diameter chain whit many different particle 

















Fig 1.1. Different levels of chromatin compaction. (A) Hierarchical chromatin folding model from mitotic 
chromosome to naked DNA. The 2-nm long DNA molecule is folded around the nucleosome (10-nm), and 
forms a 30- nm “beads-on-a-string strand. Higher order of compaction keeps folding the DNA into 120-nm 
chromonema, to 300-nm chromatid (not shown) and 700-nm helical loops in mitotic chromosomes. (B) The 
nucleosome core particle consists of 147 bp of DNA wrapped around an octamer of histones (H3, H4, H2A 
and H2B, 2 copies of each) with their N-terminal tails protruding from the globular domains. When linker 
histone H1 is added, keeps in place the DNA around nucleosome (chromatosome), and helps to package the 
chromatin into higher order structures. Adapted from Bowman and Poirier, 2015; Draizen et al., 2016; Ou et 
al., 2017.   























Local modifications of the nucleosome structure and organization of chromatin fibers 
translate into the formation of two major chromatin domains in interphase nuclei that can be 
microscopically detected, e.g. by DAPI staining: bright regions called heterochromatin and 
weakly stained regions called euchromatin. Euchromatin is gene-rich and decondensed during 
interphase, whereas heterochromatin is gene-poor and rich in repetitive sequences, and 
remains mostly condensed throughout the cell cycle (Hsieh and Gage, 2005). Different 
chromatin compaction levels raise challenges for DNA processes, such as replication, 
transcription, recombination and repair. Hence, the DNA in order to be accessible, the 
chromatin needs to be remodeled, and this can be achieved in different ways. For instance, 
positioning of nucleosomes on DNA can be disrupted and reconfigured to ‘open’ the 
chromatin by ATP-dependent remodeling complexes including DECREASED DNA 
METHYLATION-1 (DDM1) and the helicase Swi2/Snf2 (Tang et al., 2010; Zemach et al., 
2013). Also, the histone composition of nucleosomes can be altered by replacement of 
canonical histones with histone variants, such as H3.1 for H3.3, or by adding a variety of 
post-translational modifications (PTMs) into the histone amino-terminal tails (Fischle et al., 
2003; Gurard-Levin and Almouzni, 2014; Rivera et al., 2014; Kawashima and Berger, 2014).  
PTMs are covalent alterations on histones that can be dynamically added and removed 
enzymatically, and includes phosphorylation (p), methylation (me), acetylation (ac), and 
ubiquitylation (ub), among others (Bannister and Kouzarides, 2011). These marks, have the 
potential to alter histone/DNA and histone/histone interactions, and thus provide a means for 
transiently targeting changes in nucleosome dynamics and gene expression (Bowman and 
Poirier, 2015). For instance, active transcription has been associated to lysine (K) acetylation 
by changing electrostatic interactions between DNA and histones (Bannister and Kouzarides, 
2011; Bowman and Poirier, 2015), while the methylation on lysine and arginine (R) residues 
are not likely to affect chromatin structure, rather to create binding sites for regulatory 
proteins (Gurard-Levin and Almouzni, 2014). In plants, histone lysine methylation can occurs 
at several residues on histone H3 (K4, K9, K27, K36) and histone H4 (K20) (Fig 1.2). All 
these lysines can be mono (me1), di (me2) or tri-methylated (me3), and the presence of 
different methylation states can lead to different chromatin signatures (Kouzarides, 2007; 
Thorstensen et al., 2011). 
In Arabidopsis, methylation on H3K9me2 and H3K27me1 are generally associated with 
heterochromatin, and the appearance of H3K4me2/me3, H3K36me3 and H3K9me3 marks 
with euchromatic regions (Roudier et al., 2011; Zhang and Ma, 2012; Desvoyes et al., 2014) 
Nonetheless, individual histone marks are not static indicators of transcription or repression. 
A recent study in Arabidopsis reported a combinatorial analysis including histone variants, 
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DNA methylation and histones PTMs defining nine different chromatin states far from the 
classical euchromatin and heterochromatin conception (Sequeira-Mendes et al., 2014). In this 
study, each state was associated with distinct levels of DNaseI chromatin accessibility and 
with described functional genomic elements including promoters, gene bodies of active and 
repressed genes, and two classes of heterochromatin. Interestingly, active genes include 
enrichments in H3K4me2/me3 and several acetylations in histones H3 and H4, and repressed 
genes showed high enrichment of H3K27me3 combined with H3K4me2/me3 marks in a 





Deposition and removal of histone PTMs is performed by histone modifying enzymes 
such as histone acetyltransferases (HATs), histone methyltransferases (HMTs) and kinases 
(known as the “writers”) or histone deacetylases (HDACs), histone demethylases (HDMs) 
and phosphatases (known as the “erasers”) (Onder et al., 2015). In particular, lysine HMTases 
are proteins with a conserved SET domain responsible for the enzymatic activity. The SET 
domain is a 130-140 amino acid, evolutionary well-conserved sequence motif that was 
initially characterized in Drosophila proteins SU(VAR)3-9, ENHANCER OF ZESTE (E(z)), 
and TRITHORAX (TRX). In Arabidopsis, the SET Domain Group (SDG) protein family 
have been classified into 5 groups base on their sequence similarity with Drosophila SET 
proteins: I, E(z) homologs; II, ABSENT, SMALL, OR HOMEOTIC DISC-1 (ASH1) 
homologs and related; III, TRX homologs and related; IV, Arabidopsis TXR related 5 
(ATXR5) and ATXR6 homologs; and V, SU(VAR)3-9 homologs and related (Baumbusch et 
al., 2001; Thorstensen et al., 2011). Major activities and interactions for SDG proteins are 
summarized in Table 1.1. 
Fig 1.2. Histone tail modifications. Histones 
carry diverse covalent post-translational 
modifications (PTMs) at their N-terminal tails 
such as acetylation, phosphorylation and 
methylation. Acetylation and phosphorylation 
can affect DNA– protein interaction, while 
methylation does not alter the charge of the 
modified residues on histone tails. In 
Arabidopsis, Lysine (K) methylation have been 
described in histone H3 (K4, K9, K27, and 
recently at K23) and also at histone H4 (K20), 
though the presence of any form of H4K20 
methylation has been questioned. Other 
common histone PMTs are represented as well. 
R: arginine; S: serine; T: threonine; H: 
histidine. Adapted from Liu et al., 2010; Trejo-





Class Name SDG 
number 








MEA SDG5 AT1G02580 H3K27me3 ChiP 
MEA/SWN; MEA/FIE 
PHE1 
DME and MET1 
FIS2 PcG 
Spillane et al., 2000; Kohler et al., 
2005; Makarevich et al., 2006; 
Wang et al., 2006; Hennig and 
Derkacheva 2009 
CLF SDG1 AT2G23380 H3K27me3 ChiP 
EMF2/CLF 
AG and STM locus 
ATX1/CLF 
UCL1/CLF 
EMF2 PcG and VRN2 PcG 
complex 
Chanvivattana et al., 2004; 
Makarevich et al., 2006;  
Schubert et al., 2006 
Saleh et al., 2007; Jeong et al., 2011 
Hennig and Derkacheva 2009 




Makarevich et al., 2006;   
Wang et al., 2006 
Hennig and Derkacheva 2009 
II- ASH1 








ASHH1/ EDA3  
ASHH1/ HSP40/DnaJ 
SOC1 locus 
Zhao et al., 2006; Xu et al., 2008;  
Valencia-Morales et al., 2012;  
Berr et al., 2015;  
Liu et al., 2016 
ASHH2/ 











Xu et al., 2008; Dong et al., 2008 
Grini et al., 2009; Ko et al., 2010; 
Valencia-Morales et al., 2012;  
Hoppman et al., 2011; Cazzonelli et 
al., 2014; Berr et al., 2015 
ASHR3 SDG4 AT4G30860 H3K36me2  -IVm/h; ChIP 
AMS (TF) in Sporophyte dev. 
Target of E2F 
Thorstensen et al., 2008;  
Kumpf et al., 2014 
ASHH3 SDG7 AT2G44150  -IVo/m/h;  -PE 
K3me1/me2 MTase of 
AtPIP2,1 (aquaporin) 
VIN3 and lncRNAs 
COLDAIR- COOLAIR 
Sahr et al., 2010; Lee et al., 2015 
 
ASHH4 SDG24 AT3G59960 - -   
III- TRX 
ATX1 SDG27 AT2G31650 H3K4me3 IVp; ChIP 
ASHH1/ATX1; ATX1/CLF 
ATX1/ATXR7 for FLC 
Stress response 
NCED3  
RNA Pol II recruitment 
Saleh 2007:  Pien et al., 2008;  
Tamada et al., 2009;  
Ding et al., 2011a;  
Ding et al., 2011b 
Valencia-Morales et al., 2012  
ATX2 SDG30 AT1G05830 H3K4me2 ChIP FLC expression Pien et al., 2008; Saleh et al., 2008;  Shafiq et al., 2014 
ATX3 SDG14 AT3G61740 H3K4me2/3 PE; ChIP ATX3/4/5 Chen et al., 2017 
ATX4 SDG16 AT4G27910 H3K4me2/3 PE; ChIP ATX3/4/5 Chen et al., 2017 
ATX5 SDG29 AT5G53430 H3K4me2/3 PE; ChIP ATX3/4/5 Chen et al., 2017 
ATXR3 SDG2 AT4G15180 H3K4me3  PE; ChIP;  IVh/p 
FLC expression 
Root branching 
Guo et al., 2010; Berr et al., 2010;  
Yun et al., 2012; Yao et al., 2013 
ATXR7 SDG25 AT5G42400 H3K4me1/2/3 H3K36me2 
ChIP;  
IVo 
ATX1/ATXR7 in regulation 
of FLC expression 
Tamada et al., 2009;  
Berr et al., 2009 
IV- ATXR5 SDG15 AT5G09790 H3K27me1  IVh/p; CH ATXR5/6 Jacob et al., 2009 
ATXR6 SDG34 AT5G24330 H3K27me1 IVh/p; CH ATXR5/6; Sporophyte dev. Jacob et al., 2009;  Raynaud et al., 2006 
V-  
SU(VAR)3-9 
SUVH1 SDG32 AT5G04940 H3K9me2  H3K4me3  
CH,  
-PE, -IVh  
Expression by CHH-DNA 
binding 
Naumann et al., 2005; Ebbs and 
Bender 2006; Li et al., 2016 








Pol V occupancy trough 
RdDM binding 
Naumann et al., 2005;  
Ebbs and Bender 2006;  
Johnson et al., 2008; 
Liu et al., 2014; Jing et al., 2016 
SUVH3 SDG19 AT1G73100 - -IVh TPL/TPR interactor Ebbs and Bender 2006;  Causier et al., 2012 
SUVH4/ 





DNA binding at CHGme 
Jackson et al., 2002; Naumann et al., 
2005; Johnson et al., 2007; Ebbs and 
Bender 2006; Yu et al., 2017 
SUVH5 SDG9 AT2G35160 H3; H3K9me1/2; H2A IVh; ChIP 
SUVH4/5/6 
SUVH4/5/6/HDA6 
Jackson et al., 2004; Naumann et al., 
2005; Ebbs and Bender 2006;  
Yu et al., 2017 
SUVH6 SDG23 AT2G22740 H3; H3K9me1/2  IVh/p; ChIP 
SUVH4/5/6 
SUVH4/5/6/HDA6 
DNA binding at CHGme 
Jackson et al., 2004; Naumann et al., 
2005; Ebbs and Bender 2006; 
Johnson et al., 2007; Yu et al., 2017 
SUVH7 SDG17 AT1G17770  -IVh  Ebbs and Bender 2006 
SUVH8 SDG21 AT2G24740  -IVh Target of passenger strand of miR171a 
Ebbs and Bender 2006;  
Manavella et al., 2013 
SUVH9 SDG22 AT4G13460  -IVh/o;  
SUVH2/9  
Pol V occupancy trough 
RdDM binding 
Ebbs and Bender 2006;  
Johnson et al., 2008 
Liu et al., 2014; Jing et al., 2016 
SUVH10 SDG11 AT2G05900     
SUVR1 SDG13 AT1G04050  -IVh 
SUVR1/SUVR2  
Binding to CHR19/27/28.  
Silencing by RdDM 
Ubiquitin binding 
Thorstensen et al., 2006;  
Han et al., 2014;  
Rahman et al., 2014 
SUVR2 SDG18 AT5G43990  -IVh SUVR1/2 Thorstensen et al., 2006; Han et al., 2014; Rahman et al., 2014 
SUVR3 SDG20 AT3G03750     
SUVR4 SDG31 AT3G04380 H3K9me2/3  IVh/p; ChIP 
Ubiquitin binding 
H3K9me3 HMT transposon 
specific 
Thorstensen et al., 2006,  
Veiseth et al., 2011;  
Rahman et al., 2014 









Krichevsky et al., 2007 
Caro et al., 2012 
 In vivo association to a histone mark was assessed by: ChiP (chromatin immunoprecipitation), CH (cytohistology) and PE (protein 
extracts) of mutant lines. In vitro (IV) Histone Methyltransferase assay (HMT) was performed with different substrates: 
oligonucleosomes/ mononucleosomes/free histones/ histone peptides (o/m/h/p). A negative signal (-) in front of IV means negative 
tested results. (*) Detected by Naumann et al., 2005, was not reproduced by Johnson et al 2008. (⁑) At heterochromatin by 
Naumann et al., 2005, but detected at euchromatin by Johnson et al 2008. MTase: non-histone methyltransferase	
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In general, the E(z), ATXR5/6 and SUVH proteins play a role in repressing 
gene/transposon expression through accumulating H3K27 or H3K9 methylation 
modifications, while the ASH1 and TRX proteins methylate H3K36 and H3K4, thereby 
activating gene expression (Thorstensen et al., 2011). In particular, the activity of SDG 
proteins has been described to control different plant processes. For example, the E(Z) protein 
CURLYLEAF (CLF), four TRX proteins (ATX1, ATX2, ATXR3 and ATXR7), and two 
ASH1 proteins (ASH1-HOMOLOG-1 (ASHH1) and ASHH2) all act in regulation of 
flowering time through controlling the expression of FLOWERING LOCUS C (FLC) (Shafiq 
et al., 2014; Zhao et al., 2015). SDGs are also required in shaping other aspects of plant 
development such as sporophyte development (Raynaud et al., 2006; Thorstensen et al., 2008; 
Grini et al., 2009; Berr et al., 2010), shoot branching, leaf size, root length, number of lateral 
roots (Dong et al., 2008; Yao et al., 2013), and moreover, chromatin signatures given by 
some SDG HMTases have been implicated in the regulation of ribosomal DNA (rDNA) gene 
expression inside de nucleolus (Pontvianne et al., 2012). 
 
 
1.2. The nucleolus 
The nucleolus is the most prominent nuclear body on interphase nuclei. When stained 
with fluorescent DNA dyes, is seen as a dark region within the more brightly stained nuclear 
chromatin (Lo et al., 2006). For decades, the main purpose of the nucleolus has been 
attributed to ribosome biogenesis; although increasing data support new functions, including 
signal recognition, particle assembly, small RNA modification, telomerase maturation, cell 
stress sensor, and cell cycle and aging control (Boulon et al., 2010; Olson, 2011; Stepinski, 
2014; Wang et al., 2016; Pontvianne et al., 2016; van Sluis and McStay, 2017).  
The number and shape of nucleoli present within a cell may vary between species. For 
instance, in mammals several nucleoli with an irregular contour can be found, while in plants 
is often observed as one nearly spherical entity (Fig. 1.3) (Shaw and Brown, 2012; Stepinski, 
2014). On the basis of their appearance by electron microscopy (EM), three main nucleolar 
components (compartments) can be discerned: the fibrillar centers (FCs), the dense fibrillar 
component (DFC) and the granular component (GC). The FCs are clear areas, partly or 
entirely surrounded by the DFC; and both are embedded within the GC (Fig 1.3). (Shaw and 
Brown, 2012). This organization may vary as well according to the cell type, cell cycle, 
physiological state of the cell, transcriptional activity of the nucleolus, impact of biotic and 
abiotic factors, and to a certain extent according to species (Hernandez-Verdun, 2011b; 












During the cell cycle, the size of nucleolus is in agreement whit the cell’s ribosome 
needs, which is sustained throughout G1/S/G2, been at maximal production in G2. After that, 
the nucleolus disassembles at the beginning of mitosis and reassembles once again at the exit 
of mitosis in telophase (Hernandez-Verdun, 2011a). The position of the nucleolus in the 
nucleus is not random, as it builds around specific chromosomal features, termed nucleolar 
organizer regions (NORs), which contain the repeated arrays of ribosomal DNA (rDNA). 
NORs are easily identified in metaphase chromosomes as secondary constrictions, where the 
chromatin is less condensed (McClintock, 1934). The number of NOR-bearing chromosomes 
varies in different species, from one chromosome to several chromosome pairs. In 
Arabidopsis, NORs are the most distal genetic loci of the short arms of chromosomes two and 
four (NOR2 and NOR4, respectively), where the terminal rDNA genes are capped directly by 
telomere repeats (Copenhaver and Pikaard, 1996; Stepinski, 2014). 
Ribosomes are composed of four ribosomal RNA (rRNA) species: 18S, 5.8S, 25S and 
5S. In Arabidopsis, the first three species, encoded by a 45S rDNA unit, are tandemly arrayed 
at NOR2 and NOR4 and transcribed by RNA polymerase I (Pol I) inside the nucleolus (Fig. 
1.4). On the other hand, 5S rDNA arrays are dispersed across chromosomes III, IV and V, and 
opposite to the 45S unit, 5S genes are transcribed at the extranucleolar nucleoplasm by RNA 
polymerase III (Pol III)(Benoit et al., 2013; Stepinski, 2014). The rDNA represents one of the 
most abundant DNA repeats, comprising ∼5% of Arabidopsis genome (∼16 Mb). Each NOR 
consist of ∼700–800 of 45S rDNA copies per diploid cell, and each rDNA gene spans ∼10–
10.5 kb (Copenhaver and Pikaard, 1996). 
In the Arabidopsis Col-0 ecotype, four main 45S rDNA gene types (or variants) have 
been identified so far based on differences within a repetitive region of the external 
transcribed spacer located just at the 3′ of 25S rRNA sequences (Fig. 1.4) (Chandrasekhara et 
al., 2016). These four gene types are revealed by PCR amplification of genomic DNA with 
 
Figure 1.3. The Nucleolus organization. Nucleoli can be detected inside the nucleus as dark regions poorly 
stained with the fluorescent dye DAPI. (A) HeLa nuclei. (B) Arabidopsis thaliana nuclei. (C) The sub-
nucleolar compartments from Soybean nucleolus can be detected by electron microscopy (EM). eu: 
euchromatin; ht: heterochromatin; nu: nucleolus; fc: fibrillar center; dfc: dense fibrillar component; gc: 
granular component. Images from Hernandez-Verdun, 2011b; Pontvianne et al., 2016; Stepinski 2010. 
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specific primers for the 3′ETS region. Three of the rDNA types are abundant (Variant 1 
(VAR1), VAR2, VAR3), and one is relatively rare (VAR4), although additional changes can 
also be found within each variant, adding more complexity to rDNA alleles (Chandrasekhara 
et al., 2016; Havlova et al., 2016; Rabanal et al., 2017). All four classes of 45S rDNA genes 
are expressed (rRNA) in newly germinated seeds, but, by 10–14 days after germination and 
throughout the remainder of vegetative development, the VAR1 class, accounting for ∼50% of 

















It has been proposed that this selective rDNA silencing (gene dosage), is not regulated 
by gene-based mechanisms, but rather it depends on a multimegabase scale inactivation of 
NORs (Preuss et al., 2008; Chandrasekhara et al., 2016; Mohannath et al., 2016). This 
hypothesis is supported by observations of NORs organization at the chromosomal level. In 
particular, in Arabidopsis Col-0, all silenced rDNA gene subtypes (VAR1 and a subset of 
VAR3) mapped to the NOR2, and all active rDNA subtypes (VAR2, VAR4 and the majority 
of VAR3 genes) localized at NOR4 (Chandrasekhara et al., 2016). Moreover, active rDNA 
genes are present at, or close to, nucleoli when active, and excluded from it when silenced 
Figure 1.4. Relationships between the nucleolus, NORs, and 45S rRNA gene repeats. (A) Schematic 
representation of the five Arabidopsis thaliana chromosomes (2n = 10) in the Columbia accession (Col-0). 
Chromosome II and IV carry the 45S rDNA loci (Nucleolus Organizer Regions, NOR, blue). The 5S loci (red) 
are dispersed on chromosomes III, IV and V, in close proximity to centromeric repeats (gray) and inside the 
pericentromeric domains (green). (B) A metaphase chromosome displaying a NOR with the secondary 
constriction (blue line) cap by telomeric repeats (black). The 45S rDNA genes (18S, 5.8S and 25S) are 
tandemly arrayed at the NOR clusters. In A. thaliana, insertions/deletions in the 3′ external transcribed region 
(3′ ETS) define 4 major rDNA gene variant types (VAR1-4) observed by PCR amplification. Several days after 
germination in the Col-0 ecotype, VAR1 expression is silenced (rRNA) and VAR2 increased. (C) Drawing of a 
ribosome displaying the localization of rRNAs distributed along the large (25S, 5.8, 5S) and small (18S) 
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(Pontvianne et al., 2013; Chandrasekhara et al., 2016). While NOR4 activation/NOR2 
inactivation pattern occurs in Col-0, this is not a general feature across Arabidopsis ecotypes. 
In the study carried out by Rabanal et al. (2017), they showed that some accessions (Sf-2, 
Bur-0, Edi-0, Ws-0, and Wu-0) appear to behave like Col-0; other accessions (No-0, Ct-1, 
Can-0, and Hi-0) show the opposite pattern, where NOR2 is exclusively expressed, and two 
ecotypes (Ler-0 and Zu-0) express both NOR2 and NOR4. Furthermore, the observed relative 
size of the two NOR clusters varies greatly among accessions, although gene copy number 
variation does not alter rRNA transcription (Rabanal et al., 2017). Different crossed 
combination between Arabidopsis accessions sharing the same or different NOR activities, 
correlate with a hierarchical dominance-silencing phenomenon known as nucleolar 
dominance (Chandrasekhara et al., 2016; Rabanal et al., 2017). 
Nucleolar dominance is a common phenomenon in cells of interspecific hybrids of 
plants and animals that describes the failure to form nucleoli inherited from one parent 
(Pikaard, 2003). In the same year that secondary constrictions were described as the active 
NORs, observation in hybrids of the plant genus Crepis showed that only NORs derived from 
one species would form secondary constrictions (Navashin, 1934). Regardless of whether 
which species served as the maternal or paternal parent, NORs derived from a number of 
species could be organized into a dominance hierarchy. Interestingly, secondary constrictions 
could form once again on both diploid copies of the chromosome at the F2, showing that the 
affected loci had not been lost or altered in the hybrid. These observations established 
nucleolar dominance as an epigenetic phenomenon (Pikaard, 2003). 
DNA methylation plays a central role in the maintenance of nucleolar dominance. In 
Arabidopsis suecica, the allotetraploid hybrid of A. thaliana and A. arenosa, silent NORs 
corresponding to those of A. thaliana can be reactivated by 5-aza-2′ deoxycytosine (aza-dC), 
an inhibitor of cytosine methylation, or by treatment with histone deacetylase inhibitors such 
as trichostatin A (Chen and Pikaard, 1997; Lawrence et al., 2004; Pontes et al., 2007). 
Analysis derived from the used of both chemicals resulted in a model describing how cytosine 
methylation and histone deacetylation specify one another in a self-reinforcing cycle that 
maintains rRNA gene silencing (Lawrence et al., 2004). Over the years, several proteins 
involved in maintenance of nucleolar dominance in A. suecica have been identified, including 
HISTONE DEACETYLACE 6 (HDA6), METHYLCYTOSINE-BINDING DOMAIN protein 
6 (MBD6), MBD10, the de novo DNA methyltransferase DRM2, and proteins of the siRNA-
directed DNA methylation pathway (Preuss et al., 2008). 
On the other hand, a nucleolar dominance-like phenomenon also occurs in non-hybrid 
A. thaliana, in which distinct rRNA gene variants are selectively inactivated during early 
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vegetative development (gene dosage compensation, described above). Alteration of silencing 
patterns has been attributed likewise to the action of HDA6, in a common mechanism 
observed for A. suecica, but also to the action of different chromatin modifiers, including 2 
subunits of chromatin assembly factor 1 CAF1 (FASCIATA-1 (FAS1) and FAS2), nucleolin, 
several H3K9 HMTases (SUVR4, SUVH5 and SUVH6), and H3K27me1 HMTases 
(ATXR5/ATXR6), all of them altering the chromatin compaction of NOR clusters near the 
nucleolus (Earley et al., 2010; Pontvianne et al., 2010; Pontvianne et al., 2012; Pontvianne et 
al., 2013). In general, the mechanisms by which one parental set of NOR-bearing rRNA genes 
are chosen are still unknown. However, it is clear that a partnership between DNA 




1.3. The cell cycle 
The eukaryotic cell cycle is a highly regulated process with the purpose of giving rise to 
two daughter cells. It is typically divided into four major phases: the post- mitotic gap phase 
(G1), the DNA synthesis phase (S), the post-synthetic gap phase (G2), and the mitosis (M) 
(Fig. 1.5) (Gutierrez, 2009). In particular at G1, origins of replication (ORIs) are licensed and 
pre-replication complexes (Pre-RC) are loaded at potential ORIs that will fire in S-phase 
(Sanchez et al., 2012). At this stage, a first transcriptional wave occurs depending on the 
activity of the RETINOBLASTOMA-RELATED (RBR) protein and various RBR-interacting 
E2F proteins (Desvoyes et al., 2006; Ramirez-Parra and Gutierrez, 2007). The presence of 
RBR induces the up-regulation of genes encoding, among others, all pre-RC factors (CDC6, 
CDT1, MCM2-7, and ORC1-6, excepting ORC5) and favors recruitment of histone 
HDACases, HMTases and DNA methyltransferases (Desvoyes et al., 2014).  
Initiation of genome replication marks the beginning of S-phase, and lasts until the 
entire DNA and chromatin components are duplicated. This includes several processes where 
chromatin becomes accessible, implying nucleosome remodeling, changes in specific histone 
modifications, and the participation of histone chaperones (MacAlpine and Almouzni, 2013; 
Desvoyes et al., 2014). G2 is an intermediate phase between S-phase and mitosis, which will 
ensure that the cell had all DNA and intracellular components properly duplicated prior to 
enter to mitosis. In plants, G2 progression is given by the activity of several cyclin-dependent 
kinase/cyclin complexes (CDKA/CYC and CDKB/CYC). Expression of these genes, together 
with others showing similar G2/M-phase-specific pattern (e.g. R1R2R3-Myb) are regulated 
trough the presence of mitosis-specific activator (MSA) elements (Ito et al., 1998; Haga et al., 
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2011). Particularly in Arabidopsis, MYB3R1/4 proteins act as transcriptional activators of 
G2/M-specific genes, including CYCB1 genes, CDC20.1 and KNOLLE, a gene essential for 
cell plate formation (Haga et al., 2007; Haga et al., 2011). Following G2, in mitosis the 
duplicated chromatin becomes condensed; forming visible chromosomes that will be aligned 
in metaphase and distributed equally to the newborn cells. At the final stage of cell cycle, 
cytokinesis will procure the separation of the daughter cells by a coordinated action between 















In addition to the classical cell cycle described above, plant and animal cells also posses 
a different cell cycle mode called endoreplication. It consists of replication of DNA without 
any subsequent mitosis and cytokinesis, and thereby the cell becomes polyploid (Fig. 1.5) 
(Gutierrez, 2009). In Arabidopsis, the action of endoreplication is observed in tissues such as 
hypocotyls (embryonic shoot), roots, leaves (mesophyll, pavement and trichome cells), fruits, 
and seed endosperm (Edgar et al., 2014). The endocycle uses much of the same machinery 
that regulates the transition from G1 to S phase in mitotic cell cycles. Mitosis-to-endocycle 
transition is affected by E2F-RBR complexes, and triggered by downregulation of the mitotic-
CDKs permitting a lower, but continuous, activity of CDK acting in G1-to-S progression (S-
CDKs). However, S-CDKs are periodically inactivated to allow a transition to G1-like gap 


























Fig 1.5. The Cell cycle. Representation of the two basic cell cycles. In the mitotic cycle, new-born cells pass 
through G1, S and G2 before dividing and produce two daughter cells. CDK/cyclin complexes drive the G1/S 
and G2/M transitions. In the endocycle, the M phase does not occur and cells undergo a doubling of its nuclear 
DNA content in each endocycle, frequently associated with an increase in cell mass. A decrease in mitotic 





1.4. Plant organogenesis: the Arabidopsis model 
Plants have an extraordinary developmental plasticity as they continuously form organs 
in a post-embryogenic manner (Perianez-Rodriguez et al., 2014). Aboveground and 
belowground organs are formed from two distinct stem cell populations located at the shoot 
and root apical meristems (SAM and RAM, respectively)(Fig. 1.6). Primary meristems are 
formed as a result of embryogenesis, and upon activation during germination they start 
generating the main root, leaves and flowers (Capron et al., 2009; Perianez-Rodriguez et al., 
2014). Being sessile, plants have to be especially equipped to translate environmental cues 
into developmental responses. New growth axes need to be established to in order to be 
compatible with the environment, and this is achieved by establishing secondary meristems 
(Agusti and Greb, 2013). Formation of organs will respond to a crosstalk between hormones 
and regulation of gene expression downstream of epigenetic regulation (Perianez-Rodriguez 













Here is this study we took advantage of Arabidopsis thaliana as model to follow plant 
organogenesis as it can be easily cultivated in confined laboratory conditions and possesses a 
short life cycle (around two months) comprising the sporophyte (vegetative structures) and 
the gametophyte (gametes production). Also, Arabidopsis exhibits other advantages for 
Fig 1.6. Arabidopsis primary meristems. Two meristem populations are formed during embryogenesis, one 
in the shoot (SAM) and the other in the root (RAM). Both meristems contain niche cells and stem cells to 
maintain totipotency capacity to produce new organs (e.g leaves, flowers and roots) in a post-embryogenic 
manner. The SAM contains three layers (L1, L2 and L3) and three developmental zones (peripheral zone, PZ; 
central zone, CZ; and rib zone, RZ). Cells of the organizing centre (OC) of the SAM are specified at the 
junction of the three developmental zones and function to maintain stem cells in the shoot. The RAM is 
radially symmetric and consists of central niche cells (the quiescent centre) surrounded by stem cells initials. 
In the root, each stem cell population gives rise to one or two cell types. QC: quiescent center; CEI: cortex- 
























genetic studies including a full sequenced and well annotated genome (around 125 Mb), is 
easily transformed, many knockouts mutants are available, and tolerates mutations in key 
chromatin genes that are lethal in other organisms (Van Norman and Benfey, 2009; 
Koornneef and Meinke, 2010). 
 
 
1.4.1.  The root 
The Arabidopsis root is a thin (∼150 µm) and highly organized organ that can be easily 
grown in non-soil media and imaged by microscopy, characteristics that justify the use of the 
root as a tool to understand plant organogenesis (Petricka et al., 2012; Geldner and Salt, 
2014). Overall, plant survival depends on appropriate root development, growth, and function, 
as it provides to the plant water and nutrients, and for the necessary anchoring of aerial part to 
the soil. The root is formed during embryo development and after germination a group of 
actively proliferating cells in the RAM allows the continuous growth of the organ (Petricka et 
al., 2012). 
Structurally, the RAM is maintained by an organizing center termed the quiescent 
center (QC), located at the tip of the apical meristem (Fig. 1.6). The QC comprises 2-4 cells 
that rarely divide and is surrounded by the stem cell initials, which together form the stem cell 
niche (SNC) (Benfey and Schiefelbein, 1994). The stem cells will produce the different root 
cell types. In the rootward part of the QC, columella stem cells will produce the distal 
columella cells. The epidermis and lateral root cap, the most external cell layers of the root 
cylinder, are originated from the epidermis/lateral root cap (LRC) initial cells, while the 
cortex and endodermis layers will result from an asymmetric division of cortex/endodermis 
initial daughter cells. Concerning the vascular tissue, vascular initials cells, located in the 
shootward part of the QC, will generate xylem and pluripotent procambial cells that will later 
generate the phloem through periclinal divisions (Petricka et al., 2012).  
In the SCN, QC cell fate is maintained by the jointly action of the PLETHORA (PLT) 
(Aida et al., 2004; Galinha et al., 2007); and SCARECROW/ SHORTROOT (SCR/SHR) 
pathways (Nakajima et al., 2001; Sabatini et al., 2003), while the transcription factor WOX5 
is required in the QC to maintain the undifferentiated state of the surrounding stem cells 
(Galinha et al., 2007; Forzani et al., 2014). Additionally, the ETHYLENE RESPONSE 
FACTOR-115 (ERF115) also contributes to controls QC division and stem cell replenishment 
by two antagonistic mechanisms: restriction of QC division trough proteolysis by the 
APC/CCCS52A2 ubiquitin ligase, and QC proliferation by brassinosteroid-dependent ERF115 
expression (Heyman et al., 2013). A flowing gradient of auxin is also an important regulator 
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of QC specification combined with the action of PIN family members. Cytokinins also act to 
regulate auxin distribution along the root apical meristem by regulating PINs and auxin 
carriers, resulting in the late regulation of mitotic activity at the QC (Zhang et al., 2013). The 
hormonal crosstalk between auxin, cytokinin and gibberellin regulates the expression of auxin 
response repressors as cells transition from the meristem to the elongation zones. Besides to 
QC maintenance, the SHR:SCR complex is required for endodermal and cortical 
differentiation. In the presence of auxin, the SHR:SCR complex directly activates CYCD6;1 
expression and promotes asymmetric cell division at the initials or its daughter cell (Wilson et 
al., 2013). 
As the root grows, continuous production of the same cell types in approximately the 
same numbers and in the same places is observed. This results in the different stages of 
development being present in zones along the root axis (Fig. 1.7). These zones and their 
boundaries can be well defined in several areas based on their characteristic cellular activities: 
(i) the root apical meristem (RAM) zone, which comprises the proliferation domain and the 
transition domain, were division capacity slowly decreases as cells are located close to the 
end of the RAM; (ii) the elongation zone (EZ) in which cells primarily expand; and (iii) the 
differentiation zone (DZ) in which cells attain their differentiated characteristics and final size 




Once the cells have reached their final size, they acquire maturity characteristics and 
specialize. A particular case is the change observed at the epidermal cell layer. Upon 
maturation the epidermis consist of two distinct cell types: root hairs (trichoblast) and no-hair 
cells (atrichroblasts) (Lofke et al., 2015). Their patterning responds to a position-dependent 
mechanism relative to the cortex cells regulated by a network of transcription factors, 
although a cellular dimorphism between trichoblast and atrichroblasts already exists in the 
Fig 1.7. Arabidopsis root developmental areas. The root meristem (RAM) is divided in two different 
domains, the proliferation domain, where cells actively divide, and the transition domain, where mitosis are 
less frequent. In the elongation zone cells start a rapid elongation and do not divide again. In the differentiation 
zone, cells start to specialize (e.g. root hairs from the epidermal cell layer). The QC and SCN cells are located 
















meristematic zone: hair cells are shorter, less vacuolated, and display a higher cell division 
rate (Berger et al., 1998; Balcerowicz et al., 2015). Another characteristic of differentiation in 
the root, is cell endoreplication, starting early in root development, precisely at the boundary 
between meristematic and elongation zone and preceding rapid cell expansion (Hayashi et al., 
2013). 
Another stage of root growth is root branching, critical to adapting to local soil 
environments. This relies on the de novo formation of lateral roots (LRs), which are 
originated from a subset of pericycle cells adjacent to the xylem pole “primed” at the 
transition zone in response to an auxin gradient (Wilson et al., 2013). The resulting 
asymmetric cell division creates two central daughter cells and larger flanking cells with 
different cell fates. A positive-feedback loop of auxin reinforces the continuous growth and 
division throughout the different cell layers (endodermis, cortex and epidermis) creating a 
dome-shaped LR primordium (LRP) that eventually forms a new meristem. This process is 
controlled by several auxin receptors, transcription factors and oxygen reactive species 
(Wilson et al., 2013; Lavenus et al., 2013; Vermeer and Geldner, 2015; Orman-Ligeza et al., 
2016; Fernandez-Marcos et al., 2017). 
 
 
1.4.2.  Aerial organs 
The organization of the SAM explains how plants are able to grow while still producing 
aerial organs. The SAM is established in the embryo and has specific structural characteristics 
(Fig. 1.6). In the SAM, cells in the central zone divide to maintain a pluripotent stem cell 
population, whereas in the peripheral zone, cells are competent to differentiate. During 
vegetative development, the SAM generates leaf primordia directly from its flanks in a typical 
spiral pattern with very short internodes between them (Fletcher, 2002; Vanhaeren et al., 
2015). The conversion of a leaf primordium into a mature leaf is usually described as 
consisting of two partially overlapping phases, cell proliferation and cell expansion. In the 
first phase, proliferation occurs throughout the entire primordium and generates new cells in 
which size remains relatively constant and small. In the second phase, cell division in the 
developing leaves has ceased and further growth is mainly achieved by cell expansion, 
resulting in a large increase in cell size (Gonzalez et al., 2012). 
In Arabidopsis cell expansion is frequently associated with endoreduplication (Edgar et 
al., 2014). Cell proliferation, cell expansion and the coordination between these two processes 
by complex networks of genes determine the final shape and size of a leaf (Gonzalez et al., 
2012; Vanhaeren et al., 2015). In addition to leaf, trichomes (leaf hairs) also follow an 
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endoreduplication pattern. Trichomes are single-celled hairs that have a stellate appearance 
with a stalk and three or four branches. Development of this striking morphology starts with 
the switch of a protodermal cell in the leaf primordium from mitotic to endocycling, during 
which nuclei eventually reach 32C in strict association with increased branching. Trichomes 
emerged from both adaxial/abaxial (above and below) side of leaf epidermis, and play a role 
in protecting the plant against herbivores, from UV irradiation, or reduction of transpiration 
(Tominaga-Wada et al., 2011). At the end of the vegetative phase, environmental and 
endogenous factors prompt the plant to undergo the transition to flowering and reproductive 
development. During this phase the stem elongates and secondary SAMs are formed. At this 
stage, The SAM is transformed is into the inflorescent meristem (IM) where floral meristems 
will generate on the flanks of both the primary and secondary SAMs.  
 
 
1.4.3  Flower and gametophyte development 
During the life cycle of Arabidopsis haploid gametophytes form within the diploid 
sporophytic tissues that constitute the sexual organs of the flowers (Yadegari and Drews, 
2004). Initially, flowers develop from the floral meristem (FM), made of small, spherical-
shaped mounds of cells, which produce four types of lateral organs in concentric rings called 
whorls. Sepals are initiated first in the outermost whorl, followed by petals in the second 
whorl, and stamens in the third whorl. The FM is then consumed in the formation of the 
central carpel, which form the gynoecium that ultimately encloses the seeds of the next 
generation (Fig. 1.8) (Fletcher, 2002). Flower stereotypic development is essentially 
controlled by a network of coordinating growth and cell-fate determination, which integrates 
several hormonal signals, transcriptional regulators, and mechanical constraints in order to 
specify each whorl and gametophytes (Alvarez-Buylla et al., 2010; Prunet and Jack, 2014; 
Denay et al., 2017).  
In angiosperms, including Arabidopsis, the male gametophyte (the pollen grains) 
develops within the anthers, and the female gametophyte (megagametophytes or embryo sac) 
develops within the ovule inside the carpel (Fig. 1.9) (Sundaresan and Alandete-Saez, 2010). 
Male and female gametes will be produced and mature together as the flower develops. 
Several morphological studies correlated flower stages to particular gametophyte 
development, although these events are considered approximate (Smyth et al., 1990; 
















Regarding male development, mature pollen is produced in the anthers by initial 
meiosis of pollen mother cells to form tetrads of haploid microspores. Then, microspores 
enlarge and undergo an asymmetric division forming two cells, in which one is much smaller 
than the other. The larger cell is called the vegetative cell, and the smaller cell is called the 
generative cell. The vegetative cell does not divide again but eventually will form the pollen 
tube. The generative cell is immersed inside the cytoplasm of the vegetative cell and 
undergoes mitosis once again to form the two sperm cells. The sperm cells are identical male 
gametes that will fertilize female gametic cells (McCormick, 2004).  
In the case of female gametophyte, it is embedded within several layers of female 
ovular tissues, including the funiculus, the chalaza and the nucellus, the last one being where 
the megaspore lineage will develop (Schneitz et al., 1995). Inside the ovule, a meiotic 
division produces four haploid megaspores, one of which develops into the functional 
megaspore via a cytokinin spatial signal, which after three nuclear divisions generates the 
seven-celled gametophyte: three antipodal cells, two synergid cells, one egg cell, and one 
central cell containing two polar nuclei that fuse prior to or during fertilization (Lawit et al., 
2013).  
 
Figure 1.8.  Schematic representation of Arabidopsis flower development.  During Arabidopsis 
reproductive phase, flowers originate from the floral meristem (FM) to form the gametes. Flower primordium 
is established at stages 1 and 2. The sepal primordia become visible at stage 3, the stamen primordia at stage 4, 
and carpel and petal primordia at stage 5. From stage 6–8, the floral organ primordia enlarge and begin to 
differentiate. At the stage 9, stigmatic papillae arise at the top of the gynoecium. At stage 12, petals are similar 
in length to stamens. Megasporogenesis and microsporogenesis begin at stage 7, and the pollen matures 
shortly before anthesis at stage 13 (gametogenesis is more detailed at fig. 1.9). At stage 14, pollination takes 
place and flowers opens. Between stages 15 to 17, silique grows and embryos fully develop inside the seed. 
After siliques desiccation, seeds fall at stage 20 (not shown). In pink: FM; green: sepals; petals: bright pink; 
stamens: purple; gynoecia: yellow; ovules: dark spheres inside the gynoecium. Adapted from Alvarez- Buylla 













During plant sexual reproduction a chromatin ‘resetting’ is carried out to restore 
pluripotency in the zygote (Kohler and Springer, 2017). Plant germlines possess some 
mechanisms to bypass possible modifications made by viruses or translocation of 
transposable elements (TEs). Germlines cells are marked by activation of noncoding RNA-
related mechanisms that contribute to genome stability though ARGONAUTE family genes. 
In Arabidopsis, in particular AGO9 preferentially associates with 24-nt siRNA targeting TEs, 
but also with some 20– 2-nt mi-RNAs species at the embryo sac (Olmedo-Monfil et al., 
2010). Small RNA pathways, including miRNA and tasiRNA pathways, also operate in the 
male gametophyte (Berger and Twell, 2011; He et al., 2011; Kawashima and Berger, 2014). 
Vegetative nucleus reprograming leads to TE silencing in the neighbor sperm cells, where an 
accumulation of 21 nucleotide siRNAs produced after TE activation in the vegetative cell is 
detected. These siRNA keep DDM1 activity high in the gametes, and prevent transposition of 
TEs and promoting transgenerational TE silencing (Slotkin et al., 2009). Nonetheless, 
different studies had questioned the possibility of siRNA travelling from the vegetative to the 
sperm cells, in additionally to the controversy of the presence of cytoplasmic connection 
between sperm a vegetative cells, pointing that maybe these siRNAs are inherited from 
microspores (Kawashima and Berger, 2014). 
 
Figure 1.9.  Arabidopsis Gametogenesis. Inside the flower, pollen mother cells (PMC) and megaspore 
mother cells (MMC) are generated in a position-dependent manner from somatic cells in the male and female 
reproductive tissues. Around flower stage 9, PMC separates from each other, meiosis takes place and generates 
four microspores (tetrads, 1n). At stage 11, first mitotic division occurs (symmetrical) to give rise to the 
vegetative cell (vc) and the generative cell. A second mitotic division takes place at stage 12 to create two 
sperm cells (sp, 1n) within the vegetative cell, which leads to the mature pollen. At stage 13 the pollen is 
dehiscent. Conversely, at flower stage 10 MMC enlarge and meiosis takes place at stage 11, generating 4 
megaspores (1n) with only one been functional (1 nucleated embryo sac). At floral stage 12, three rounds of 
nuclear divisions generate a syncytial female gametophyte with eight nuclei. Then, cytokinesis takes place at 
stage 13 to establish the mature female gametophyte, which consists of 8-nucleated/7-celled embryo sac: the 
egg cell (ec, 1n), the central cell (cc, 2n) and accessory cells, the antipodals (an) and synergids (syn). At flower 
stage 14 fertilization takes place: pollen tube growths and deliver the 2 vegetative cells trough the micropylar 
pole (mp) of the ovule, and embryo development begins. (Smyth et al., 1990; Bowman, 1994; Schneitz et al., 




Sperm and vegetative cells also display different DNA methylation levels during 
development. CHH methylation decreased from microspores to sperm cells, although CG 
methylation remains constant. Additionally, in the vegetative nucleus CG methylation is also 
decreased and H3K9me3 is barely detectable, which likely produce that hypomethylated TEs 
to become mobile (Slotkin et al., 2009; Calarco et al., 2012; Kawashima and Berger, 2014).  
Epigenetic reprograming including alteration of DNA methylation by repression of DNA 
METHYLTRANSFERASE-1 (MET1) at the end of female gametophytic development might 
cause decondensation of chromatin that affects both central cells and egg cells (Jullien and 
Berger, 2010). Additionally, low chromatin compaction together with dispersed 
heterochromatin foci has been observed in central cell and egg cell when compared to 
accessory cells (Baroux et al., 2011), though the establishment of epigenetic dimorphism 
between the two female gametes is observed by differencing H3K9me2 patterns between 




Once female and male gametophytes are mature and flowers fully developed, 
fertilization process begins. Inside the ovule synergid cells secrete pollen tube attractants and 
serve as the first point of contact with pollen tubes that will ultimately deliver two sperm 
cells. In the process of fertilization, one of two synergid cells is penetrated by the pollen tube 
resulting in synergid cell death. One sperm cell (1p) fuses with the egg cell (1m) and the other 
fuses with the polar nuclei of the central cell (2m). The fertilized 2n egg cell (zygote: 1m:1p) 
and 3n central cell (2m:1p) develop into the embryo and endosperm, respectively. These two 
products of fertilization develop coordinately with the maternal ovule integuments, which 
give rise to the seed (Fig. 1.10) (Lawit et al., 2013; Baroux and Grossniklaus, 2015).  
After fertilization, the zygote rapidly elongates and divides asymmetrically to produce 
an apical and a basal cell, which give rise to the embryo proper and the suspensor, 
respectively. Divisions of the basal cell produce a file of 8–12 cells forming the suspensor and 
the apical cell divides symmetrically three times to produce an octant-stage embryo. From 
there on, distinctly oriented cell divisions shape the radial pattern: at the globular stage 
protoderm, ground tissue, and provasculature elements are formed from the periphery to the 
center of the embryo. Morphogenesis, with oriented divisions and anisotropic cell elongation, 
forms first a heart- and then a torpedo-shaped embryo that comprises the basic tissue patterns 
and meristematic stem cells that generate the future root and shoot organs (Baroux and 













the radicle and cotyledons will emerged and a new plant will form. 
During embryonic development cell cycle genes are upregulated whereas they get 
repressed in the transition from heart to torpedo stage, where embryos show a high level of 
functional differentiation in roots and cotyledons (Spencer et al., 2007). This is also 
visualized by a change in the ratio of canonical histone H3.1 to the variant H3.3, which is 
high at the heart stage and much lower at the torpedo stage (Otero et al., 2016). This reflects a 
reduction on the proliferation potential of the cells and the acquisition of cell fate, clearly 
visualized by WOX5 expression in the QC cells (Otero et al., 2016). Epigenetic reprograming 
of DNA methylation at specific loci occurs, and reprogramming of histone modifications such 
as H3K27me2 and H3K27me3 might influence the transition between the gametophytic life 
and the sporophytic life (Kawashima and Berger, 2014). 
 
In addition to the embryo formation, the endosperm, devoted to nourish the developing 
embryo, is also controlled by epigenetic effects that influence seed’s development (Berger, 
1999); Bemer and Grossniklaus, 2012). Endosperm genome is largely hypomethylated 
compared to that of the embryo (Gehring et al., 2009; Kohler and Kradolfer, 2011). 
Moreover, interplay between maternal inherited histone H3K27me3 modifications and 









































Figure 1.10. Stages of Arabidopsis embryogenesis. After fertilization, the first asymmetric division of the 
zygote (lower panel), produces an apical cell (green), from which the embryo is mainly derived, and a basal 
cell, which gives rise to the suspensor and part of the root. After a series of longitudinal, transversal and 
tangential divisions, above and below tiers are distinguish at heart stage. Colours identify corresponding 
regions of embryo and seedling. sup: suspensor; ut: upper tier; ult: upper lower tier; llt: lower-lower tier; hyp: 
hypophyseal cells. Contrariwise, the development of the triploid endosperm (upper panel) is initiated by 
nuclear divisions (syncytium) at the embryo sac; cellularization commences at late globular stage, and is 
completed by the upturned-U stage (between torpedo stage and mature seed, not shown). As the cotyledons 
develop, endosperm is absorbed, leaving only a single layer of it in the matured seed. PEM: peripheral 
endosperm; MCE: micropylar endosperm; CZE: chalazal endosperm; cot: cotyledons; SAM: shoot apical 




dimorphism between the parental genomes controlling endosperm development (Kohler and 















































Depending of the organism, reading and interpretation of the histone code can lead to 
opposite roles in terms of heterochromatin formation and transcriptional activation. In plants, 
the presence of the trimethylated form of the H4K20 (H4K20me3) has been associated to 
euchromatic regions, in contrast to what is described in animals. However, the identification 
of the corresponding methyltransferase has been elusive in Arabidopsis thaliana. The general 
goal of this project is the functional study of Arabidopsis methyltransferases. To accomplish 
this goal we propose the following specific objectives: 
 
1- Identification of Arabidopsis SET-domain proteins with homology to animal H4K20 
methyltransferases 
 
2- Examination of enzymatic activity of candidate SET-domain proteins SDG7 and SDG24 
 
























































































3.1.1 Plant ecotypes and growth conditions 
All T-DNA mutant lines and transgenic lines generated in this study were Arabidopsis 
thaliana Columbia ecotype (Col-0). Plants were grown in an incubator under 21°C, 100 
µmol/(m2·s) light intensity and standard long-day conditions (16 h light /8 h dark) in either or 
1% to 0.8% agar MSS plates (1% sucrose, 0.5 x Murashige and Skoog salt, 2.24 g/l Duchefa, 
and 0,5 g/l MES, pH 5.7). After 7 to 10 days, seedlings were transplanted into soil if needed, 
and cultivated under the same growing conditions described above in growing chambers. 
Arabidopsis MM2d cellular culture (Menges and Murray, 2002) was employed for cell-
cycle studies. Cells were kept in dark at 26 ºC with constant agitation at 120 rpm. For 
maintenance, cells were subcultured every 7 days by diluting 1/20 into new media.  
 
 
3.2.2 Bacterial strains and growth conditions 
Cloning was performed using Escherichia coli, either DH5α or Z competent cells 
(Invitrogen). Gateway vectors were amplified using E. coli DB3.1 strain. Recombinant 
proteins were expressed in E. coli DE3 strains BL21 (Stratagene), Rosetta or Rosetta pLysS 
(Novagen). Plant transformation was carried out with Agrobacterium tumefaciens, strain 
C58C1. Bacterial growths were carried out in liquid or solid (1.5% agar) LB broth (Miller), 
supplemented according strain specifications.   
 
 
3.1.3 Bacterial lines expressing recombinant proteins 
 
Table 3.1. Protein bacterial expression lines 
Line Vector Antibiotic 
Resistance 
Insert 
GST-SDG7 pDEST15 Ampicillin SDG7 CDS 
GST-SDG24.1 pDEST15  Ampicillin SDG24.1 CDS 
His6X-SDG7 pDEST17  Ampicillin SDG7 CDS 
His6X-SDG24.1 pDEST17  Ampicillin SDG24.1 CDS 
His6X-E2FC (Desvoyes, unpublished) pDEST17  Ampicillin E2FC CDS 
GST-ATXR6PHD-SET  (Jacob et al., 2009) pGEX-6P Ampicillin ATXR6 CDS (PHD-SET domain) 













3.1.4 Plant lines generated through transformation  
 
Table 3.2. Transgenic plant lines 








Spectinomycin (Bacteria)  
Kanamycin (Plant) 
 
2075 kb SDG7 promoter + 
SDG7 genomic sequence 





Spectinomycin (Bacteria)  
Kanamycin (Plant) 
2016 kb SDG24 promoter + 
SDG24.1 genomic sequence 
without Stop Codon 
pSDG24:SDG24.2: 
GUS 
pGW433 (GUS) Spectinomycin (Bacteria)  
Kanamycin (Plant) 
2016 kb SDG24 promoter + 
SDG24.2 genomic sequence 
without Stop Codon 
 
 
3.1.5 Mutant lines 
sdg7-2 (Salk_131218) 
sdg7-4 (Salk_143603)  
sdg7-5 (WiscDLox430F09) 
sdg24-1 (WiscDsLOX489-492G18)  
sdg24-2 (Salk_201808) 
sdg24-3 (Salk_205054)  
sdg24-4 (SK22803) 
atxr5/6 (Salk_130607 x Sail_240_H01;(Jacob et al., 2009)) 
 
 
3.1.6 Other lines  
pORC1b:ORC1b-GFP/ mRFP (Vergara, 2017). 
pHTR5:HTR5-GFP (Otero et al., 2016).  
pCYCB1;1:CYCB1;1-GFP (Ubeda-Tomas et al., 2009). 
pCYCB1;1-GFP (Colon-Carmona et al., 1999).  
pWOX5-GFP (Sarkar et al., 2007). 
 
 
3.1.7 Lines generated by cross pollination  
 
Table 3.3. Crossed lines 
Name Ovule (♀) Pollen (♂) 
sdg7/sdg24 sdg24-2 sdg7-5 
atxr5/6 sdg7 atxr5/6 sdg7-5 
atxr5/6 sdg24 atxr5/6 sdg24-2 
sdg7-5 pWOX5-GFP sdg7-5 pWOX5-GFP 
sdg24-2 pWOX5-GFP sdg24-2 pWOX5-GFP 
sdg7-5 pCYCB1;1-GFP sdg7-5 pCYCB1;1-GFP  
sdg24-2 pCYCB1;1-GFP sdg24-2 pCYCB1;1-GFP  
SDG24.1-mRFP ORC1b-GFP pSDG24:SDG24.1-mRFP pORC1b:ORC1b-GFP 












Table 3.4. Cloning Primers 
Amplicon 
name Oligo name 
Sequence 
5′ to 3′ Purpose 
SDG7  ASHH3 attB1-0 F 5′- GGGGACAAGTTTGTACAAAAAAGCAGGC-
TCTGAGTTCTCATCCGCAGA 
Gateway cloning of 
pSDG7:SDG7 






ASHH4 4.5 F -2016 5′- ATAAGTTGTGTCTCCAATAGGCT Cloning 
pSDG24:SDG24.1 or SDG24.2 
SDG24.1 ASHH4 4.5 R-STOP 5′- ACCAGCAATGCGTCTCCC Cloning 
pSDG24:SDG24.1 




ASHH4 attB1-0 4.5F 5′-GGGGACAAGTTTGTACAAAAAAGCAGGCTA-
TAAGTTGTGTCTCCAAT 
Gateway cloning 
pSDG24:SDG24.1 or SDG24.2 








SDG7  ASHH3 clone L 5′- ATGCCAGCCAGCAAAAAGA Cloning of SDG7 CDS 
SDG7  ASHH3 clone R 5′- TTAGACAATCTCCCAGTCTTCTCT Cloning of SDG7 CDS 
SDG7  attB1-ASHH3 F 5′- GGGGACAAGTTTGTACAAAAAAGCAGGC-
TTCATGCCAGCCAGCAAAAAGA 
Gateway cloning of SDG7 CDS 
SDG7  attB2-ASHH3 R 5′- GGGGACCACTTTGTACAAGAAAGCTGGG-
TTTAGACAATCTCCCAGTCT 
Gateway cloning of SDG7 CDS 
SDG24  ASHH4 clone L 5′- ATGTCTTCCTCGAAGAAGGG Cloning of SDG24 CDS variants 
SDG24 ASHH4 clone R 5′- TCAAGCAGTTACAACCTTCC Cloning of SDG24 CDS variants 
SDG24.1  attB2-ASHH4-F2 5′- GGGGACAAGTTTGTACAAAAAAGCAGGC-
TTCATGTCTTCCTCGAAGAAGG 
Gateway cloning of SDG7 CDS 
SDG24.1 attB2-ASHH4 R 5′- GGGGACCACTTTGTACAAGAAAGCTGGG-
TTCAAGCAGTTACAACCTTC 
Gateway cloning of SDG24.1 




Table 3.5. qPCR Primers 
Amplicon 
name Oligo name 
Sequence 
5′ to 3′ Purpose 
SDG7  ASHH3 3-4 L SP 5′- TGTTCTTGCTCCTCCTCGTC qPCR for transcript levels 
SDG7  ASHH3 3-4 R SP 5′- AGCTTGAGAATAGCATCCCACA qPCR for transcript levels 
SDG7  ASHH3 5-6 L JN 5′- ATGCGGATCAGGGATTGTGG qPCR for transcript levels 
SDG7  ASHH3 5-6 R JN 5′- TCCAAAGCCTCTCTTCACAAGT qPCR for transcript levels 
SDG7  ASHH3 10-11 L SP 5′- CAAAGGGATACATGTTCGCGT qPCR for transcript levels 
SDG7  ASHH3 10-11 R SP 5′- ACGAGGCCAAAACACCTATCA qPCR for transcript levels 
SDG24  ASHH4 1-2 L sp 5′- TTCCTCGAAGAAGGGTTCCG qPCR for transcript levels 
SDG24  ASHH4 1-2 R sp 5′- TCTCCAATTCCCCAATCTGCT qPCR for transcript levels 
SDG24  ASHH4 3-4 L sp 5′- GCGATTGCAATTGTGGGATTCT qPCR for transcript levels 
SDG24  ASHH4 3-4 R sp 5′- GAACGGCTTGTTGGTGCATT qPCR for transcript levels 
SDG24  ASHH4 06-07 L jn 5′- TCAATCACAGCTGCAGTCCT qPCR for transcript levels 
SDG24  ASHH4 06-07 R jn 5′- AGTCAACTGCTCGCCTTTGT qPCR for transcript levels 
ACTIN ACT2-F 5′- ACGGTAACATTGTGCTCAGTG GTGG qPCR for transcript levels 
ACTIN ACT2-R 5′- TTGGAGATCCACATCTGCTGGAATG qPCR for transcript levels 
GAPDH GAPC2 2F 5′- TTGCTCCTCTTGCCAAGGTTA qPCR for transcript levels 
GAPDH GAPC2 2R 5′- GGACAGTGGTCATGAGTCCC qPCR for transcript levels 
UBIQUITIN UBQ10 F 5′- GGCCTTGTATAATCCCTGATGAATAAG qPCR for transcript levels 
UBIQUITIN UBQ10 R 5′- AAAGAGATAACAGGAACGGAAACATAGT qPCR for transcript levels 
BRCA1 BRCA1-F 5′- GTGACGAGCATAAACCCTGATT qPCR for transcript levels 
BRCA1 BRCA1-R 5′- ATGAAATGAGAATACGAAGAAA qPCR for transcript levels 
PARP1 PARP1-F 5′- TGGTTGAAGCATTAGGTGAGA qPCR for transcript levels 
PARP1 PARP1-R 5′- TTCGCAGACCTTGAGATAAAAT qPCR for transcript levels 
RAD51 RAD51-F 5′- TAATAATAAAAATGAGGAGGAT qPCR for transcript levels 








Table 3.6. Mutant genotyping Primers 
Amplicon 
name Oligo name 
Sequence 
5′ to 3′ Purpose 
sdg7 T-DNA  Salk131218_LP 5′- TCTCAGATCCGCCATTGTTAC sdg7-2 genotyping 
sdg7 T-DNA  Salk131218_RP 5′- TCCAAAGCCTCTCTTCACAAG sdg7-2 genotyping 
sdg7 T-DNA  Salk143603_LP 5′- ACGCAACAAACAATGTCACTG sdg7-4 genotyping 
sdg7 T-DNA  Salk143603_RP 5′- AAAAAGGGAGAGCATTTGACC sdg7-4 genotyping 
sdg7 T-DNA  Wisc430F09_LP 5′- AAAGCTTCATCCGAGGCTATC sdg7-5 genotyping 
sdg7 T-DNA  Wisc430F09_RP 5′- TGATCAAGATTTGTTTTGGCC sdg7-5 genotyping 
sdg24 T-DNA Wisc492G18_LP 5′- AGGTAGAGGAAGTGGTGGTGG sdg24-1 genotyping 
sdg24 T-DNA Wisc492G18_RP 5′- CCAATTTCTTCCACACCAAAG sdg24-1 genotyping 
sdg24 T-DNA Salk201808_LP 5′- TTTGGCTCGATTATCGACAAG sdg24-2 genotyping 
sdg24 T-DNA Salk201808_RP 5′- GCACAGCATTTCTGTTATCACG sdg24-2 genotyping 
sdg24 T-DNA Salk205054_LP 5′- CCGTTCCAACAACGACATATC sdg24-3 genotyping 
sdg24 T-DNA Salk205054_RP 5′- CTTTGGTGTGGAAGAAATTGG sdg24-3 genotyping 
sdg24 T-DNA SK22803_LP 5′- TGTGTTAGGACTGCAGCTGTG sdg24-4 genotyping 
sdg24 T-DNA SK22803_RP 5′- TCTTTCCCAATTAATCCGGTC sdg24-4 genotyping 
atxr5 T-DNA  ATXR5 LP 5′- CCATTGGAACTTGGCTTTGTGTC atxr5 genotyping 
atxr5 T-DNA  ATXR5 RP 5′- AATAGGACCATCTGCTTCAACTGTG atxr5 genotyping 
atxr6 T-DNA  ATXR6 LP 5′- AGCTTTGCTGGTTGTTTACCGGA atxr6 genotyping 
atxr6 T-DNA  ATXR6 RP 5′- CCATGTTGAGTAAATGTCGAAGAC atxr6 genotyping 
 
Table 3.7. rDNA Primers 
Amplicon 
name Oligo name 
Sequence 
5′ to 3′ Purpose 
45S 3′ETS rDNA 3ETS var region F 5′- GACAGACTTGTCCAAAACGCCCAC Semi qPCR for rDNA 
45S 3′ETS rDNA 3ETS var region R 5′- CCTGGTCGAGGAATCCTGGACGATT Semi qPCR for rDNA 
18S rDNA 18S 488bp F 5′- GCTCGAAGACGATCAGATAC Semi qPCR for rDNA 
18S rDNA 18S 488bp R 5′- AGACCTGTTATTGCCTCAAA Semi qPCR for rDNA 
5S rDNA OL10 5′- CCTCGTGTTGCATCCCTC Semi qPCR for rDNA 
5S rDNA OL9 5′- CTTCCCGGGAGGTCACCC Semi qPCR for rDNA 
ACT2 Actin for 3ETS F 5′- GAGAGATTCAGATGCCCAGAAGTC Semi qPCR for rDNA 
ACT2 Actin for 3ETS R 5′- TGGATTCCAGCAGCTTCCA Semi qPCR for rDNA 
CDT1a CDT1a-F 5′- ACTGAACAAGCAGCATAAAC Semi qPCR for rDNA 
CDT1a CDT1a-R 5′- TCTTCTTCTTCCGTCGTCTT Semi qPCR for rDNA 
 
 
3.1.9 Antibodies list 
 
Table 3.8. Primary antibodies 
Antibody Reference Working dilution 
α-GST # sc-138 (Santa Cruz Biotechnology) WB 1/3000 
α-poly HIS # H1029 (SIGMA) WB: 1/5000 
α-RFP  # R10367 (Thermo-Fischer) IHC: 1/500-1/250 
α-DsRed (E-8) # sc-390909 (Santa Cruz Biotechnology) WB: 1/500 
IHC: 1/250 1/500 
α-mCherry # DSHB-mCherry-3A11 (Developmental Studies Hybridoma 
Bank) 
IHC: 1:2000 
α-H3K4me2 # 39141 (Active motif) WB: 1/12000 
α-H3K4me3 # ab8580 (Abcam) WB: 1/6000 
α-H3K9me2 # ab1220 (Abcam) WB: 1/5000 
α-H3K9me3 # 39161 (Active motif) WB: 1/20000 
α-H3K27me1 # 07-448 (Merck- Millipore) WB: 1/5000 
α-H3K27me2 # 39245 (Active motif) WB: 1/5000 
α-H3K27me3 # 39535 (Active motif) WB: 1/2000 
α-H3K36me3 # ab9050-100 (Abcam) WB: 1/10000 
α-H4K20me1 # ab9051 (Abcam) WB: 1/1000  
α-H4K20me1 #39728 (Active Motif) WB: 1/200000 
α-H4K20me2 # 39173 (Active Motif) WB: 1/6000 
α-H4K20me3 # 07-463 (Merck- Millipore) WB: 1/500 -1/1000 
α-H4K20me3 # ab9053 (Abcam) WB: 1/500  
α-H4K20me3 #AR0136-200LP Bio WB: 1/1000  













3.2.1 Molecular biology Techniques 
 
3.2.1.1 DNA extractions 
Genomic DNA extraction was done by the CTAB method (Doyle and Doyle, 
1990),with some modifications. Roots, leaves, flowers and seeds were frozen in liquid 
nitrogen together with glass beads and ground in Silamat S5 (Ivoclar Vivadent) for 10 
seconds. In particular, seeds were homogenated with the help of a mortar and pestle in liquid 
nitrogen. Next, 500 µL of extraction buffer (100 mM Tris-HCl, pH 8.0, 1.4 M NaCl, 20 mM 
EDTA, 3% CTAB, 140 mM β-mercaptoethanol) was preheated at 65 ºC and added to the 
tissue. Samples were once again homogenated in Silamat for 5 seconds and heated at 65 ºC 
for 15- 20 minutes. After incubation, 500 µL of chloroform: isoamyl alcohol  (24:1) was 
added; then, the mixture was shaken and centrifuged at maximum speed (20000 xg) for 10 
minutes. The supernatant was collected and DNA precipitated by adding 810 µL of 100% 
ethanol and 1/10 3 M of sodium acetate (pH 5.2), incubation proceeded at 4 ºC for 20-30 
minutes. The DNA pellet was collected by centrifuging at maximum speed for 15 minutes. 
The pellet was washed with 70% ethanol, air-dried for at least 30 minutes and resuspend in 40 
µL of water. DNA was quantified by using NanoDrop (Thermo-Fischer Scientific). 
DNA extractions were also performed with nuclei obtained by fluorescence-activated 
cell sorting (FACS). Nuclear membranes were dissolved in Nuclei Lysis Buffer (50 mM Tris-
HCl, pH 8.0, 10 mM EDTA, 1% SDS) (Villar and Kohler, 2010). Then, DNA was extracted 
with 1 volume of phenol: chloroform: isoamyl alcohol  (25:24:1) and centrifuged with 
maximum speed for 15 minutes at 10 ºC. The pellets were washed with 70% ethanol, 
centrifuged at maximum speed, air- dried for at least 30 minutes and resuspended in 20 µL of 
water. 
For plasmid DNA extraction, bacterial pellets were treated with Wizard Plus SV 
minipreps purification kit (Promega) following manufacture’s instructions.  
 
 
3.2.1.2 Total RNA extractions 
Seedlings, roots, leaves and flowers grown for the appropriate time were frozen together 
with glass beads in liquid nitrogen. Trizol (250 µL, Thermo-Fischer) was added to the tissue 
and ground for 8 seconds in Silamat S5. Another 250 µL of Trizol were added and mixed 
thoroughly. A 100 µL of chloroform were used to extract the total RNA. After spinning the 
samples for 10 minutes at 4 ºC with maximum speed, the upper phase was transferred to 
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another tube. The RNA was precipitated using 1 volume of isopropanol for 15 min at -20 ºC 
and then centrifuged for 10 minutes at 4 ºC. The pellet was washed with 75% ethanol, air 
dried for 20-30 minutes and then resuspended in 44 µL of nuclease free water. After that, 
RNA was treated with 0.5 µL of DNase I (Roche, 10 U/µL) for 20 minutes at 37 ºC and 
extracted again using phenol: chloroform: isoamyl alcohol (25:24:1). RNA was then 
precipitated with 1/10 3 M sodium acetate (pH 5.2) and 2.5 volumes of 100% ethanol. The 
pellets were then washed with 75% ethanol, air dried and resuspended in 40 µL of nuclease 
free water. The RNA was quantified using NanoDrop, and its quality was assessed by 
fractionating 100-500 ng of RNA in a 1.2% agarose gel stained with RedSafe (1 µL/100 mL). 
Bands were subjected to UV light detection.  
RNA extraction from seeds was done following the method described by Oñate-
Sánchez and Vicente-Carbajosa (2008). Seeds were frozen in liquid nitrogen and ground by 
mortar and pestle. Samples were transferred to an Eppendorf tube and added 550 µL of cooled 
extraction buffer (0.2 M Tris-HCl, pH 8.0, 25 mM EDTA, 0.4 M LiCl, 1% SDS) and 550 µL 
of chloroform. The mixture was vortexed vigorously for 10 seconds and centrifuged for 3 
minutes; then, the supernatant was transferred to a new tube. Next, 500 µL of water-saturated 
acidic phenol was added, vortexed vigorously, mixed with 200 µL chloroform and centrifuged 
for 3 minutes. The supernatant was collected and 1/3 volume of 8 M LiCl was added. 
Precipitation proceeded by incubating the sample at -20 ºC for 1 hour and centrifuging with 
maximum speed for 30 minutes at 4 ºC. The pellet was dissolved in 26 µL of nuclease free 
water and treated with 1 µL of DNase I (Roche, 10 U/µL) for 30 minutes at 37 ºC. 
Carbohydrates were precipitate by adding 470 µL of water, 7 µL of 3 M sodium acetate (pH 
5.2), 250 µL of 100% ethanol and centrifuging for 10 minutes at 4 ºC. The supernatant was 
collected and the RNA was precipitated by adding 43 µL of 3 M sodium acetate (pH 5.2) and 
750 µL of 100% ethanol. The mixture was incubated at -20 ºC for 1 hour and centrifuged for 
20 minutes at 4 ºC. Finally, the pellets were washed with 70% ethanol, air dried and 
resuspended in 20 µL of nuclease free water. 
 
3.2.1.3 Protein extractions 
Extraction of nuclear proteins from MM2d cells and plants was done according to the 
protocol described in Villar and Köhler (2010), with some modifications. 1-3 g of tissue was 
frozen in liquid nitrogen and homogenized to a fine powder with the aide of a mortar and 
pestle. For each 1 g of tissue, 10 mL of extraction buffer 1 (EB1: 10 mM Tris-HCl, pH 8.0, 
10  mM MgCl2, 0.4 M sucrose, 0.1 mM PMSF, 1X plant protease inhibitors cocktail (Sigma)) 




solution was filtered through a double layer of fine nylon mesh and passed twice through a 
dounce homogenizer (loose and tight). The nuclei solution was then centrifuged at 3000 xg 
for 20 minutes at 4 ºC and supernatant was discarded. The pellet was dissolved in 1 mL of 
extraction buffer 2 (EB2: 10 mM Tris-HCl, pH 8.0, 10 mM MgCl2, 0.25 M sucrose, 1% 
Triton X-100, 0.1 mM PMSF; 1X plant protease inhibitors cocktail (Sigma)) and centrifuged 
at 12000 xg for 10 minutes at 4 ºC. The supernatant was discarded and nuclei were 
resuspended in 150-200 µL of nuclei extraction buffer (NEB: 50 mM Tris-HCl, pH 8.0, 10 
mM EDTA, 1X plant protease inhibitors cocktail (Sigma)). The nuclei solution was then 
sonicated 5 times 10 s ON/ 30 s OFF cycle, on a Bioruptor. SDS was added after sonication to 
a final concentration of 1% and mixed carefully by pipetting up and down. Dissolved nuclear 
proteins were quantified with the Pierce BCA protein assay (Thermo-Fischer) according to 
the manufacturer’s instructions. Nuclear protein extractions were evaluated by SDS-PAGE on 
10-12% Tris-glycine (mRFP tagged proteins) or 15% Tris-Tricine gels (histones), transferred 
to a PVDF membranes (0.2 µm pore size, GE) and detected by Western blot using specific 
antibodies.  
To measure the level of methylation marks in mutant lines, protein extractions were 
carried out using several protocols in order to obtain higher histones ratio in nuclear fractions. 
Different starting amounts of tissue (1- 5 g) were frozen in liquid nitrogen and homogenized 
to a fine powder with the aide of a mortar and pestle. In a first attempt, a protocol described 
earlier for MM2d cells was used with some additional steps (Lin Xu, National Laboratory of 
Plant Molecular Genetics, Shanghai- China, Personal communication). Nuclei were extracted 
with EB1 buffer, filtered trough a nylon mesh and homogenated with the help of a dounce 
homogenizer. Then, the nuclei were centrifuged and the pellet was dissolved in EB2 buffer. 
Consecutively, histones were extracted from the pellet by adding 200 µL of 0.4 M H2SO4 and 
incubated for 45 minutes with soft rotation. The solution was centrifuged at 10000 xg for 5 
minutes at 4 ºC, the supernatant collected, and histones were precipitated in two ways: (i) by 
ethanol or (ii) by TCA precipitation. In the first case, 5 volumes of 100% ethanol were added 
and the mix was incubated for 48 hours at -20 ºC, centrifuged at 20000 xg for 10 minutes at 4 
ºC, and the pellets were washed with cooled 80% ethanol. In the second case, 20% TCA 
(trichloroacetic acid) was added to the protein mix, incubated over night at 4 ºC, centrifuged 
at 20000 xg for 10 minutes at 4 ºC, and the pellets were washed with cold acetone. Final 
pellets for both cases were air dried and resuspended in 50 µL of water over night. Histones 




Other additional protocols were tested including: (i) nuclei extraction described by Deal 




3.2.1.4 Genotyping PCRs 
The Biotools DNA Taq Polymerase kit was used according to the manufacturer’s 
instructions. Briefly, in an Eppendorf tube were mixed 2.5 µL of 10X reaction buffer 
supplemented with MgCl2, 0.5 µL of dNTPs mix (10 mM each), 0.5 µL of primer mix (10 µM 
each), 0.5 U of Taq polymerase (1 U/µL) and 1 µL of DNA in a final volume reaction of 25 
µL. The PCR program was set as follows: one cycle of 3 minutes at 94 ºC; 35 cycles of 94 ºC 
for 30 seconds, 55 ºC for 30 seconds and 72 ºC for 1 minute; and one final extension of 72 ºC 
for 5 minutes. The PCR products were resolved in 1% agarose gels containing 1 µL of 
RedSafe per 100 mL of buffer and visualized with UV light. 
 
 
3.2.1.5 RT- PCRs 
To obtain cDNA, 500-1000 ng of total RNA was used. The reverse transcriptase 
reaction was performed using oligo-dT as a primer and the SuperScript III kit from Thermo-
Fischer following the kit’s instructions. For CDS amplification of SDG7 and SDG24 specific 
primers were used. For rDNA analysis, cDNA was amplified by using random primer 
hexamers. Complementary RNA was removed by treating samples with 0.4 Units of RNase H 
(2 U/ µL) for 20 minutes at 37 ºC.  
 
 
3.2.1.6 Quantitative PCR (qPCR) 
Depending on the region to amplify, cDNA was diluted between 4-16 times, and 2 µL 
were mixed with the desired primers and the reagents of the GoTaq qPCR master mix 
(Promega). Standards, negative controls and samples were run in ABI Prism 7900HT SDS. 
Primer’s Tm was designed to perform at 60 ºC. The efficiency of amplification for each primer 
pair was determined setting a standard curve with different dilutions of cDNA. The slope of 
the line (n) was used to calculate the efficiency with the following formula: 10*(-1/n). To 
calculate the relative expression of different genes, the 2-ΔΔCt method was used. First, the Cts 
of the gene of interest (target) and the Cts of the reference gene (ACT2, GAPDH2 or UBQ) 
were compared (ΔCt= Cttarget – Ctreference). Then, the ΔCt of each sample was normalized to the 




3.2.1.7 Semi-quantitative PCR (sqPCR) 
DNA or cDNA templates (100 ng) were used for PCR amplification of rDNA 
sequences (45S 3’ETS, 18S and 5S) or controls (ACT2 and CDT1a). 0.5 U of Taq polymerase 
(1 U/µL, Biotools) was used in each PCR reaction. Several PCR amplification cycles were 
applied (16, 20, 25, 27 or 30) with the following conditions: 30 seconds at 94 ºC, 30 seconds 
at 56 ºC, and 1 minute at 72 ºC. sqPCR products were resolved by electrophoresis on 2.5% 




PCR products or purified plasmid constructions were subjected to electrophoresis in 
0.8% agarose gels with RedSafe. Bands were excised with the aid of a razor bladed under UV 
light, purified with Wizard PCR Clean-Up System (Promega) and quantified by NanoDrop. 
DNA was mixed with the appropriate primer and sent for sequencing to MACROGEN. 




3.2.1.9 Gateway cloning  
To determine the endogenous protein expression of SDG7 and two SDG24 variants 
(SDG24.1 and SDG24.2) in Arabidopsis organs, a genomic fragment containing the putative 
promoter (∼2 kb) and the coding region (except for the termination codon) were amplified by 
PCR using the KOD DNA polymerase (Merck- Millipore) and specific primers containing the 
attB sites. The PCR products were purified using Wizard SV Gel and PCR Clean-Up system 
(Promega) and cloned into pDONR221 using BP Clonase II (Thermo-Fischer Scientific). 
Colonies were analyzed using restriction enzymes after obtaining plasmid DNA, and those 
that were positive were sent for sequencing. After sequence confirmation, vectors were 
subjected to LR reaction with LR Clonase II (Thermo-Fischer Scientific) into destination 
vectors carrying different C- terminal fusion tags, including GUS (β- glucuronidase), mRFP 
(monomeric red fluorescent protein), and eCFP (enhanced cyan fluorescent protein). The 
translation of the SDG7, SDG24.1 and SDG24.2 tagged lines will only result in the production 
of those specific products to be in frame with the different tags. Destination vectors were 
kindly given by Tsuyoshi Nakagawa (Nakagawa et al., 2007). Cloning primers, destination 
vectors and growing conditions are detailed in Materials.  
Cloning of the coding sequences of SDG7 and SDG24.1 for recombinant protein 
expression was done with cDNA templates obtained from seedlings and flowers, respectively. 
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The cDNA was amplified by PCR using Pfx accuprime DNA polymerase (Thermo-Fischer 
Scientific) and specific primers containing the attB sites. PCR products were purified and 
cloned into pDONR221 using BP Clonase II. The resulting vectors were confirmed by 
sequencing, and recombined with LR Clonase II into destination vectors containing N-
terminal fusion tags: GST (Glutathione S-Transferase) or His6X (6 histidine residues) from 
Thermo-Fischer Scientific. Details of primers, destination vectors and growing conditions are 
presented in Materials.  
 
 
3.2.1.10 Recombinant protein expression in bacteria 
Vectors carrying His6X-SDG7 or His6X-SDG24.1 constructions were transformed into 
BL21 Rosetta pLysS and plated into LB agar supplemented with chloramphenicol (25 µg/mL) 
and ampicillin (50 µg/mL) overnight. One single colony was taken to start cultures (30 mL of 
LB supplemented with respective antibiotics and 0.5% of Glucose). Next day, the starter 
culture was diluted 1:50 in a pre-warmer LB medium (supplemented with respective 
antibiotics and 0.25% of glucose) to a final volume of 1 L. Incubation proceeded at 37 ºC 
with agitation until 0.4 OD of cells was reached. Then, cells were incubated in an ice-water 
bath for 7 minutes and induced with 0.3 mM of IPTG for 2.5 hours at 18 ºC with agitation. 
Cell pellets were recovered by centrifuging at 5000 xg for 15 minutes at 4 ºC. Then, pellets 
were washed with cooled 1X PBS, centrifuged at 5000 xg for 3 minutes and frozen in liquid 
nitrogen.  
Purification started by thawing bacterial pellets for 20 minutes and re-suspending them 
in 20 mL of Lysis buffer (50 mM NaH2PO4, pH 8.0, 800 mM NaCl, 1% triton X100, 5 mM 
imidazole, 1X bacterial protease inhibitors cocktail (Sigma)) by pipetting up and down. 
Lysozyme was added to the lysate to a final concentration of 0.5 mg/mL and incubated for 15 
minutes with soft rotation at 4 ºC. The pellets were sonicated (4 rounds of 10 seconds at high 
amplitude) and centrifuged at 20000 xg for 20 minutes at 4 ºC. Supernatants were collected 
and incubated for 1-2 hours with 400 µL of Ni-NTA matrix beads (previously washed with 
Lysis buffer) at 4 ºC with soft rotation. Beads were washed three times with Wash buffer (50 
mM NaH2PO4, pH 8.0, 600 mM NaCl, 0.1% triton X-100, 10% glycerol, 50 mM imidazole, 
1X bacterial protease inhibitors cocktail (Sigma)). At this point, protein bound to beads could 
be kept on ice for HMTase assay or to be eluted from the beads for Peptide binding assay.  
For elution, beads were incubated with 350 µL of Elution buffer (50 mM NaH2PO4, pH 
8.0, 500 mM NaCl, 0.1% NP40 Igepal, 10% Glycerol, 500 mM Imidazole, 1X bacterial 




centrifuged and the supernatant was collected and kept on ice. Elution step was repeated three 
more times under the same conditions. Eluted proteins were subjected to dialysis (individual 
elution steps were kept separated) with 13 kDa-pore membranes in Binding buffer (50 mM 
Tris-HCl, pH 9.0, 5 mM MgCl2, 0.1 mM PMSF). Incubation proceeded over night at 4 ºC. 
Next day, dialyzed proteins were submitted to Western blot analysis and Coomassie staining 
for quantification.  
For in vitro HMTase assay other proteins were also induced. GST protein was obtained 
by inducing appropriate construct in a 50 mL BL21 cell culture with 0.5 mM IPTG for 1 hour 
at 30 ºC. For ATXR6, 200 mL of induced GST-ATXR6 protein (BL21 Rosetta cells) was 
obtained as describe in Jacob et al. (2009). Both GST and GST-ATXR6 purification steps 
were also performed as in Jacob et al. (2009) leaving recombinant proteins attached to the 
glutathione matrix without elution. On the other hand, 300 mL of His6X-E2FC were induced 
in BL21 cells with 0.5 mM IPTG for 1.5 hours at 30 ºC. Protein purification followed the 




3.2.1.11 Recombinant protein expression in bacteria 
 
3.2.1.11.1  Histone peptide binging assay 
Dialyzed Recombinant proteins were incubated with MODified Histone peptide array 
(CelluSpots, Active Motif) following the manufacture’s instructions. Briefly, arrays were 
immersed into blocking solution (TTBS buffer: 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 
0.05% Tween-20, supplemented with 5% milk) and incubated with soft agitation (orbital 
shaker) for 1 hour at room temperature. A quick rinse of 30 seconds was performed and 
followed by 3 washing steps of 5 minutes at room temperature with TTBS buffer. 
Recombinant proteins were diluted in Binding buffer (50 mM Tris-HCl, pH 9.0, 5 mM 
MgCl2) supplemented with 4 mM DTT and 1X bacterial protease inhibitors cocktail (Sigma) 
to a final volume of 3 mL and added to peptide arrays. Incubation proceeded over night at 4 
ºC with soft agitation.  
Next day, a quick rinse of 30 seconds and 3 washing steps of 5 minutes at room 
temperature with TTBS buffer were performed. First antibody (α-polyHis) was diluted 1:3000 
in blocking solution with a final volume of 6 mL, and incubated with peptide array with soft 
agitation for 1 hour at RT. A quick rinse of 30 seconds and 3 washing steps of 5 minutes at 
RT with TTBS buffer were performed. Second antibody (α-mouse HRP) was diluted 1:10000 
in 6 mL of blocking solution and incubated with the peptide array with soft agitation for 1 
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hour at room temperature. Another quick rinse of 30 seconds and 3 washing steps of 5 
minutes at room temperature with TTBS buffer were performed. For detection, the ECL 
developing solution was added to each slide, incubated over 2 minutes and detected with a 
CCD camera and films during different time points. 
The resulting images were re-sized in order to accommodate them to the digital grid 
given by the Active Motif Analyze Software. The software analyzed spot intensity of the 
interactions from the array, assigning the number 1 to the most intense spot and 0 (or close) to 
the less intense signal/background). The software generated an excel file and a graphical 
analysis for the histone peptide interactions.  
 
 
3.2.1.11.2  Histone methylation assay 
The in vitro HMTase assay was essentially performed as described in Jacob et al. (2009) 
with some modifications. 10 µL of matrix-bound recombinant proteins (His6X-SDG7, His6X-
SDG24.1, His6X-E2FC, GST-ATXR6) containing around 3-10 µg of protein were transferred 
to a micro-centrifuge tube (200 µL); any remaining buffer of the matrix was eliminated by 
centrifuging for five seconds at 500 xg, and pipetted out carefully. Then, on ice, methylation 
buffer (50 mM Tris-HCl, pH 8.5, 20 mM KCl, 10 mM MgCl2, 10 mM β-mercaptoethanol, 
250 mM sucrose) and 10 µg of calf thymus histones (Roche) were added to the matrix-bound 
proteins. The reaction started with the addition of 150 µM of SAM (S-(5′-adenosyl)-L-
methionine chloride dihydrochloride, Sigma). The final volume reaction was set in 40 µL 
(without taking into account the matrix volume). Mixes were incubated for 2-3 hours at 30 ºC 
in soft rotation. To avoid disparities in the final histones quantities in each single reaction, 
methylation buffer and histones were mixed in a master mix and then distributed individually 
to each reaction.  
Reactions were stopped by adding 40 µL of 2X Tricine SDS-PAGE sample buffer 
followed by heating to 95 °C for 5 min. Tubes were centrifuged for 5 seconds, and 3 µL of 
supernatant was subjected to SDS-PAGE on 15% Tris-Tricine gels and transferred to PVDF 
membrane (0.2 µm pore size, GE). Detection was performed by Western blot using specific 
histone H3 or H4 antibodies. Other methylation conditions were tested as well, by changing 
methylation buffer and pH conditions (250 mM Tris-HCl, pH 8.5/9.0/9.5, 25 mM MgCl2, 4 
mM DTT) and temperature (25 ºC, 37 ºC) (Yannick Jacob, Yale University Connecticut-







3.2.2 Cellular biology Techniques 
 
3.2.2.1 Transgenic lines generation 
Agrobacterium tumefaciens (C58C1 strain) was transformed and grown for 2 days at 30 
ºC in plates containing two antibiotics, rifampicin [50 µg/ml] and the antibiotic of each 
construct. Then, a bacterial culture of 5 ml was set to grow overnight. An inoculum of 200 ml 
was centrifuged at 3000 xg for 15 minutes and resuspended in a solution of 5% sucrose and 
0.05% Silvet l-77. A. thaliana Col-0 wild type plants were transformed using the floral dip 
method (Clough and Bent, 1998) and transformants were selected with 50 µg/mL of 
kanamycin and 50 µg/mL of timentin in MS plates with 0.6% agar (the addition of timentin to 
the first generation of transformants avoids Agrobacterium contamination from the collected 
seeds). In the next generation (T2: transformant F2 generation), plants with only one insertion 
were selected, and in the T3 homozygous lines, either using antibiotics or looking at the 
fluorescence in roots with confocal microscope.  
 
 
3.2.2.2 Seed sterilization 
For plant growth, seeds were surface-sterilized in 20% sodium hypochlorite and 0.1% 
Tween-20 for 8 min and washed four times in sterile water. Seeds were stratified in the dark 
for 3 d at 4 °C. 
 
 
3.2.2.3 Quantification of lateral roots (LR) and lateral root primordia (LRP) 
For the quantification of total LRPs and emerged LR, seeds were grown for 6 and 10 
days, respectively. LR density was scored as the lateral root number per centimeter of primary 
root and was calculated by dividing the number of LR by the primary root length for each 
seedling (25-30 seedling were evaluated) (Fernandez-Marcos et al., 2017). For visualization 
of LRP, seedlings were clarified by fixation in acidic-methanol (20% Methanol; 1.46% HCl) 
25 minutes at 55 ºC. After fixation, roots were incubated for 15 minutes in a 7% NaOH/ 60% 
ethanol solution at room temperature. Roots were transferred to a 50% glycerol solution and 
kept at 4 ºC until observation at the optical microscope. 
 
 
3.2.2.4 Genetic crosses 
Unfertilized flowers were emasculated by the removal of sepals, petals and stamens 
with the aid of a sharp microscopy tweezers and a macroscope. Pollination took place by 
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approaching the pollen in the anthers from a recently opened flower of the other parental line 
with the help of microscopy tweezers.  
For the dissection of the inner flower organs, flowers were first emasculated as 
described above. Dissection of developing embryo sacs from flower stage 12-13, fertilized 
embryo sacs and developing embryos was made under the macroscope with the help of 
syringe needles (BD Microlance 3, 30G 1/2′′) and a tape-coated base for immobilization. 
Samples were placed in 50% glycerol after dissection for observation, or in other buffers 
according assays requirements.  
 
 
3.2.2.5 Histochemical staining 
 
3.2.2.5.1 Gus staining 
Transgenic lines expressing the GUS tag (β-glucuronidase) were placed in GUS staining 
solution (100 mM Na2HPO4 / NaH2PO4, pH 7.0, 1 mM K3Fe(CN)6, 1 mM K4Fe(CN)6, 0.1% 
Tween-20; 1 mM X-Glu dissolved in DMSO) and incubated at 37 ºC. Table 3.9 summarizes 
the incubation times and other treatments applied depending on the evaluated tissues. In 
particular, flowers were subjected to 10 min of vacuum with GUS staining solution prior 
incubation. For embryos, GUS staining protocol described by Robert et al. (2015) was 
followed. Briefly, embryo sacs or dissected embryos from fertilized flowers were collected in 
90% acetone and fixed with cold 90% acetone for 10 min applying vacuum; then, 3 washing 
step were made with washing solution (50 mM Na2HPO4 / NaH2PO4, pH 7.0), and the GUS 
staining solution was infiltrated applying vacuum for 20 min. For chlorophyll elimination, 
seedlings, leaves and flowers were subjected to subsequent washing steps with 70% ethanol 
and kept in a 50% glycerol solution at 4 ºC until observation at the optical microscope or a 
macroscope. 
 
Table 3.9. GUS incubation times 
Line Tissue Incubation time Other treatments 
SDG7-GUS Roots and Seedlings 30 min - 
SDG7-GUS Flowers 1-2 h 10 min vacuum 
SDG7-GUS Embryos 2 h 90% acetone fixation 
+10 min vacuum. 
SDG24.1-GUS Roots and Seedlings 24 h  
SDG24.1-GUS Flowers 48-72 h 10 min vacuum 
SDG24.1-GUS Ovules inside Flowers 48-72 h 10 min vacuum 






3.2.2.5.2 Root staining for optical and confocal microscopy 
To count cortical cell layers and differentiate columella cells from the root, starch grains 
were stained with a 1% lugol solution by submerging them 1 minute in lugol and washed 
them with PBS buffer. For root cell wall staining, roots were incubated in propidium iodide 
dissolved in water (1/50 dilution from 1 mg/L stock). In both cases, observation proceeded 
immediately at optical or confocal microscopes.  
For SDG24.1-mRFP nuclei staining, roots were briefly fixed in 4% paraformaldehyde/ 
1X MTSB (Microtubule-stabilizing buffer: 50 mM Pipes, pH 7.0, 5 mM MgSO4, 5 mM 
EGTA) for 5 minutes and washed twice with 1X MTSB. Then, roots were incubated with 
0.25 µg/mL DAPI (4′, 6-diamidino-2-phenylindole) diluted in 1X PBS for 10 minutes, and 
then washed twice with 1X-PBS buffer before confocal microscope observation. For SDG7-
mRFP nuclei observation, nuclei were stained with 0.25 µg/mL DAPI for 5- 10 minutes, and 
then washed twice with 1X MTSB. 
 
 
3.2.2.5.3 Ovule staining  
Dissected ovules from unfertilized flowers were stained as described in Musielak et al.,  
(2015) with SR solution (PBS buffer, pH 8.0, 1% DMSO, 0.05% Triton-X100, 5% glycerol, 
4% paraformaldehyde, 0.1% SR2200 (Renaissance Chemicals)). For better penetration, soft 
vacuum was applied for 5 minutes at RT. Afterwards; the staining solution was replaced with 
water and again incubated under soft vacuum for 5 minutes. Finally, water was replaced with 
10% glycerol solution and ovules were observed under the confocal microscope within 30 
minutes after the ovules releasing.  
 
 
3.2.2.5.4 EdU staining 
For detection of S-phase cells in roots, 5 dps seedlings were labeled by adding 50 µM 
EdU (ethynyl-2′-deoxyuridine) to liquid MSS growth medium during 15 minutes. Then, roots 
were washed once with 1X MTSB buffer and fixed in 4% paraformaldehyde/ 1X MTSB 
buffer applying soft vacuum for 20 minutes (protected from light). The fixation solution was 
removed by washing 4 times with 1X MTSB for 10 minutes, 2 times with 1X PBS for 10 
minutes, 2 times with 1X PBS for 5 minutes, and once with water for 5 minutes. Seedlings 
were placed in charged slides (Thermo scientific Menzel-glaser superfrost plus) and dried 
overnight. Next day, cotyledons were removed with a razor blade and roots were delimited in 
the slide with a hydrophobic barrier (PAP pen). Then, root tips were re-hydrated for 10 
minutes with 1X MTSB. The cell wall was permeabilized by incubating whit a driselase 
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solution (20 mg/mL in 1X MTSB) for 40 minutes at 37 ºC in a humid chamber. The driselase 
solution was removed by washing 4 times with 1X PBS. Afterwards, cell membrane 
permeabilization took place by incubating root tips with 1X MTSB, 10% DMSO, 3% NP40 
(Nonidet P-40 Igepal) solution for 1 hour at room temperature; and then, 3 washing steps with 
1X PBS were performed. 
Next, EdU was detected by using the Click-iT EdU Alexa fluor 488 imaging kit 
(Thermo Fisher Scientific) according to the manufacturer’s recommendations for 30 minutes. 
Then, roots were incubated with DAPI (10 µg/mL) for 20 minutes, and then washed once 
with 1X PBS and once with water. Slides were mounted in Mowiol 4-88 (Sigma) and kept at 
4 ºC until confocal microscopy observation.  
For EdU labeling compatible with mRFP “in vivo” detection, 5 dps seedlings expressing 
SDG24.1-mRFP were labeled by adding 50 µM EdU to liquid MSS growth medium and 
incubating for 15 minutes. Then, roots were fixed with 4% paraformaldehyde/ 1X MTSB 
buffer for 5 minutes, washed twice with 1X MTSB, and permeabilized with 3% NP40 for 10 
minutes. Roots were then washed twice with 1X MTSB and placed in a regular microscopy 
glass slide, and a hydrophobic barrier area was drawn. Roots were immobilized temporally 
with a small piece of tape by the cotyledons. Immediately, EdU was detected by using the 
Click-iT EdU Alexa fluor 647 imaging kit (Thermo Fisher Scientific) according to the 
manufacturer’s recommendations for 30 minutes. Roots were DAPI stained (10 µg/ mL) for 
10 minutes and washed once with 1X PBS and once with water. The tape was removed and 




3.2.2.5.5 EdU labeling combined with immunostaining of mRFP-tagged proteins 
Seedlings expressing mRFP-tagged proteins were immunodetected by mRFP specific 
antibodies following the protocol described in Vergara (2017) . Firstly, seedlings were EdU-
labeled and permeabilized as described above for EdU detection in mutant lines. After that 
point, roots were treated with blocking solution (3% BSA; 10% horse serum; 1X PBS) and 
incubated for 1 hour at 37 ºC in a humid chamber. Then, primary antibodies (α-RFP, α-DsRed 
or α-mCherry) were diluted in a solution containing 1% BSA, 10% horse serum, 0.1% 
Tween-20, 1X PBS; subsequently, roots were incubated overnight at 4 ºC. Next day, 3 washes 
with 3% BSA were applied, and the secondary antibody (α-rabbit AF488 for α-RFP, and α-




0.1% Tween-20, 1X PBS solution, and incubated for 1 hour at room temperature. Three 
washing steps with 3% BSA /1X PBS was performed.  
EdU was detected by using the Click-iT EdU Alexa fluor 647 imaging kit (Thermo 
Fisher Scientific) according to the manufacturer’s recommendations for 30 minutes. Then, 
roots were incubated with DAPI (10 µg/ mL) for 20 minutes, and then washed once with 1X 
PBS and once with water. Slides were mounted in Mowiol 4-88 (Sigma) and kept at 4 ºC until 
confocal microscopy observation. 
 
 
3.2.2.6 MM2d cell-cycle synchronization 
In 4 days old MM2d cell culture, cell cycle was arrested by elimination of sucrose from 
culture media during 24 h (Menges and Murray, 2002). At that point cells were synchronized 
in G1. Incubation proceeded in normal growth conditions and samples were taken according 
to cell cycle progression. 
 
 
3.2.2.7 Fluorescent activated cell sorting (FACS) 
Three weeks-old rosette leaves (around 30 leaves of L1 to L4) were placed in 500 µL of 
Galbraith Buffer (20 mM MOPS, pH 7.0, 45 mM MgCl2, 30 mM sodium citrate, 0.3% Triton 
X-100) supplemented with 20 µg/mL of RNase A (Galbraith, 2009). Leaves were chopped 
with a razor blade and filtered trough a 30 µm nylon filter. Propidium iodide was added to a 
final concentration of 20 µg/mL and nuclei were kept on ice. Fluorescent activated cell 
sorting (FACS) of Arabidopsis root nuclei was performed using a FACSAria Fusion (BD 
Biosciciences) equipped with a 488 nm laser with 675/20-nm filter to distinguished between 
duplets, and a 561 nm laser with a 582/15-nm filter to distinguish between 2C, 4C, 8C and 
16C cell populations. Samples were sorted at a pressure of 45 psi with an 85 µm nozzle tip. 
The flow data rate was adjusted to 1.2, and typically between 250–350 events/s were scored 
depending on the sample concentration. Nuclei were directly sorted onto 10X Nuclei Lysis 
buffer (Villar and Kohler, 2010), and frozen in liquid nitrogen until DNA extraction.  
 
 
3.2.2.9 Fluorescent in situ hybridization (FISH) 
Probe labeling and FISH were performed as described in Pavlistova et al. (2016). 
Briefly, root tips were hybridized in 50% formamide (Sigma)/10% dextran sulfate/2 X SSC 
solution, with denaturation for 2 minutes at 80 °C, and an overnight incubation at 37 ºC. 
Then, three washing steps with 35% formamide/2X SSC solution at 42° C for five minutes 
were applied, followed by two washes for five minutes in 2 X SSC at 42 °C. For the 
Materials	and	Methods	 	 		
	 56	
visualization of rDNA loci the BAC clone T15P10 (GenBank AL095897/8) was used. Slides 




3.2.2.10 Terminal restriction fragment analysis (TRF) 
TRF analysis was performed as in Pavlistova et al. (2016). Briefly, five hundred 
nanograms of gDNA were digested with 10 U of MseI (NEB) and processed according to 
Ruckova et al. (2008). Subsequently, TRF products were fractionated on an agarose gel, 
alkali-blotted onto a Hybond XL membrane (GE Healthcare Life Sciences, Waukesha, WI, 
USA) and detected using telomeric TR4C end-labeled with [γ-32P]ATP using polynucleotide 




3.2.3 Microscopy and image analysis 
 
3.2.3.9 Optic microscope  
Seedlings and flowers were observed under a macroscope with a digital camera and 
external lights (LEICA). Roots, ovules, and embryos were observed in an Axioscop2 plus 
microscope with a CCD camera (Zeiss) with different objectives (5X/0.5, 10X/0.30, 20X/0.5, 
40X/1.30 and 63X/1.4) applying DICs optic contrasts.  
 
 
3.2.3.10 Confocal microscope  
Confocal analyses were carried out in different confocal microscopes described below. 
The Table 3.10 summarizes the conditions used in various experiments. 
 
(i) A1R+ confocal with an Eclipse Ti-E inverted microscope (Nikon), equipped with 
different lasers lines (405 nm, 445 nm, 488 nm, 514 nm and 640 nm), fluorescent filters 
(DAPI, CFP, GFP and TRITC) and objectives (oil 20X/0.75, oil 40X/1.3, oil 60X/1.4). 
(ii) LSM710 Confocal laser scanning microscope with an inverted AxioObserver 
microscope (Zeiss), equipped with different laser lines (Diode 405 nm, Argon 
458/488/514 nm, DPSS 561 nm and HeNe 633 nm), fluorescent filters (GFP, 





(iii) LSM510 confocal with a vertical Axio Imager.Z1 M microscope (Zeiss), quipped with 
different laser lines (Argon 488/477/488/514 nm, HeNe 543 nm and HeNe 633 nm), 
fluorescent filters (FITC/EGFP and Texas-Red), Nomarski filter, and objectives (oil 
25X/0.8, oil 40X/1.3). 
 
Table 3.10. Confocal microscopes and experiments 
Confocal Line Experiment 
A1R+ Nikon SDG7-CFP Fluorescent Tag selection 
Roots stained with PI (subcelular localization) 
Roots stained with DAPI (subcelular localization) 
SDG24.1-mRFP Fluorescent Tag selection 
Roots stained with DAPI (subcelular localization) 
Roots with EdU labeling 
Roots with IHC + EdU labeling 
LSM710 Zeiss SDG7-mRFP Fluorescent Tag selection 
Roots stained with DAPI (subcelular localization) 
SDG24.1-mRFP Fluorescent Tag selection 
Ovules stained with SR2200 





3.2.3.11 Image analysis. 
All Images derived from optical and confocal microscopy were analyzed with Fiji 
(ImageJ) and treated with Photoshop (Adobe) software.  
 
 
3.2.3.11.1 Meristem measurement 
The end of the meristem was determined in epidermis and cortex cell layers. In the 
epidermis, cell length was measured from the first cell in focus in the epidermis plane near the 
root tip along the file, considering the end of the meristem the first rapidly elongated cell 
(Casamitjana-Martı́nez et al., 2003), that is, a cell which size doubles the average size of the 
cells in the meristem that will not divide again. For the case of cortex cells layer, first cell 




3.2.3.11.2 Fluorescent intensity measurement in nuclei along the root 
Several images in z were acquired along the root without changing the acquisition 
parameters (e.g. pinhole or gain) and avoiding saturated images. The relative fluorescent 
intensity of each nucleus (containing DAPI and mRFP channels) was measured in Fiji by 
drawing circular ROIs around nuclei. DNA content was associated as the amount of DAPI 
Materials	and	Methods	 	 		
	 58	
fluorescent intensity multiplied by 2 for each round of endocycle, the 2C being the lowest 







































4.1 Candidates for Arabidopsis new histone methyltransferase 
Histone modifications influence DNA replication, gene expression and the 
active/inactive states of the chromatin that is inherited along cell generations (Sequeira-
Mendes and Gutierrez, 2015). Interpreting the histone code, referred to as the possible 
combinations of histone modifications, has become an interesting field of study, specially in 
plants, as they have evolved to retain totipotency and de-differentiation abilities. This 
suggests that different mechanisms for establishment and maintenance of epigenetic 
information diverged at some point from animals. One interesting example between divergent 
interpretations in the histone code is related to different methylation states of histone H4 at 
the lysine 20 (H4K20). In mammals, the presence of monomethylation of H4K20 
(H4K20me1) has been associated to euchromatic regions and, the trimethylated H4K20 
(H4K20me3) to heterochromatic areas (Schotta et al., 2004; Congdon et al., 2010). However, 
in Arabidopsis the presence of any form of H4K20 methylation has been questioned (Zhang et 
al., 2007; Johnson et al., 2008), although immunofluorescence experiments indicate that 
H4K20me1 is associated with chromocenters whereas H4K20me3 with euchromatin 
(Naumann et al., 2005; Roudier et al., 2011). 
In animal cells the histone methyltransferases (HMTases) responsible for H4K20 
methylation are PR-SET7 and SUV420H2 (H4K20me1 and H4K20meme2/3 HMTases, 
respectively) and contain a SET domain that confers the catalytic activity. When mutated, the 
ratios of H4K20me1 to H4K20me3 marks diminished, affecting directly to chromatin and cell 
cycle stability (Schotta et al., 2004; Schotta et al., 2008; Oda et al., 2009; Tsang et al., 2010). 
In Arabidopsis, the SUVH2 protein was initially described to be the putative HMTase for the 
H4K20me1 mark, as a decreased in this methylation mark was observed in mutant lines 
(Naumann et al., 2005). Nonetheless, later studies did not find any functional HMTase 
activity associated to it (Johnson et al., 2008; Kuhlmann and Mette, 2012). In this scenario, 
further functional analyses are needed in order to unravel H4K20 effector proteins. Here, in 
this study we undertook the search for the H4K20 effector proteins among the possible 
HMTases encoded in Arabidopsis genome. 
Taking into account the opposite association of H4K20 marks in animal cells and 
Arabidopsis, we used mouse H4K20me3 HMTases, SUV4-20H1 and SUV4-20H2 (Schotta et 
al. 2004) as templates for a search of putative Arabidopsis H4K20me3 HMTases. Results 
from a protein BLAST provided a list of candidates, with several high-scored SET-domain 
sequences, including Arabidopsis SDG7/ASHH3 (ASH1 HOMOLOG-3, AT2G44150) and 
SDG24/ASHH4 (AT3G59960), both proteins belonging to the Arabidopsis ASH1 group (see 
Table 1 in the Introduction). 
Results	 	 		
	 62	
As a particular detail, the naming of Arabidopsis SET domains proteins does not follow 
a preferential nomenclature dictation among their members; hereinafter, we will refer to our 
candidates as SDG7 and SDG24, respectively.  
In the Figure 4.1 A a general alignment view shows mammalian SUV4-20H1/H2 
proteins and the Arabidopsis SDG7 and SDG24 sequences aligned precisely at their SET 
domain-coding region. In a more detailed alignment, the amino acid similarities and identities 
with SUV4-20H1/H2 or between SDG7/SDG24 sequences are highlighted (Fig. 4.1 B). We 
found a 68% homology between SDG7 and SDG24 sequences, suggesting a possible 
redundant function among them. As SET domains have been strongly associated with lysine 































Figure 4.1. SET domain protein candidates alignment. (A) Schematic representation of protein domain 
alignment of mouse H4K20me3 HMTs SUV4-20H1/SUV4-20H2, and Arabidopsis SDG7/SDG24 proteins. In 
red, SET domain-coding sequences. (B) Detailed SET domain amino acid alignment of the proteins described 
in A. Coloured letters denote highly conserved (red) or less conserved (blue) amino acid residues. Asterisks 
point to equal identities with at least one of the SUV4-20H1/H2 sequence. Numbers at the edges correspond to 
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4.1.1  Gene structure and expression analysis of candidate histone methyltransferase 
 4.1.1.1  SDG7 gene structure and expression 
First, we evaluated the available information for SDG7 sequences in the Arabidopsis 
Information Resource (TAIR) and confirmed them by generating our own transcriptional data. 
The SDG7 coding region is predicted to be 2141 bp in length, containing 11 introns and 12 
exons (Fig. 4.2 A). By cloning SDG7 from cDNA of wild type (Col-0) seedlings, and after 
sequencing, alignment between SDG7 genomic sequence and our cDNA-transcript data 
confirmed the proposed gene structure described above. Next, we were interested in 
measuring gene expression in Arabidopsis tissues. Transcriptional maps obtained with the 
Arabidopsis eFP browser (Winter et al., 2007) pointed SDG7 expression in the shoot apical 
meristem (SAM) and during flower and embryo development with a strong signal, in rosette 
and caulinar leaves with mild signal, and in the RAM with a weak signal. To confirm this 
data, we performed an mRNA expression analysis on cDNA obtained from different tissues. 
qPCR results showed that SDG7 expression is detected in roots, seedlings, leaves, flowers, 
and siliques at various levels (Fig. 4.2 B). Interestingly, relative expression among tissues 
revealed that there is a major peak of expression in mature flowers (when pollination already 
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Figure 4.2. SDG7 genomic structure. (A) SDG7 gene structure. Exons (yellow boxes) are arranged with 
roman numbers; introns as a black line; and UTR regions (5’ and 3’) in green boxes. Black arrowheads denote 
the ATG to Stop codon, confirmed by cDNA transcript analysis. (B) SDG7 gene expression. qPCR from wild-
type (Col-0) cDNA of 7 dps roots and seedlings, mature rosette leaves (R. leaves), caulinar leaves (C. leaves), 
flower buds, mature flowers, and un-dried siliques. Fold change is given by the 2-ΔΔCT method. SDG7 
amplified region is located between exons III and IV. ± SD between technical replicas. At least 2 biological 
replicas were performed with similar results. ACT2 served as gene of reference. (C) SDG7 protein structure. 
Domains according to Prosite database: AWS (63-114 aa), SET (115-237 aa) and Post-SET (239-255 aa). 
Most probable nuclear localizations signals according to cNLS mapper are depicted as NLS1 (113-121 aa) and 




We also analyzed in silico the SDG7 protein domain organization. SDG7 encodes a 
putative 363 amino acid protein containing a SET domain, encompassed by 2 cysteine-rich 
surrounding regions: associated with SET (AWS) and post-SET domains. To sustain a 
possible histone methylation activity, we searched for putative nuclear localization signals 
(NLS), and 2 sequences were found within the N-terminus of SDG7 protein sequence 
(Fig.  4.2 C), reinforcing the idea of SDG7 could be a nuclear protein. 
 
 
4.1.1.2 SDG24 gene structure and expression 
When this project started, the predicted coding sequence of SDG24 in TAIR was 
organized in 11 exons and 10 introns, with similar structure to SDG7 (Fig. 4.3 A). However, 
the existing transcriptional data only offered the identification of a small transcript fragment 
(from the SET domain) in ovules, resulting in vague information regarding where SDG24 
could be actually expressed. Therefore, to corroborate the proposed coding sequence, we first 
carried out cloning attempts from seedlings, but failed. However, when we tested cDNA 
obtained from flowers, PCR amplification resulted in several bands (not shown) which led us 
to interpret the results in two ways: (i) SDG24 was miss-annotated in TAIR, and (ii) SDG24 
could have splicing variants. After several rounds of cloning and sequencing the products 
derived from flowers we classified them into four alternative variants differing in their 3′ 
region, named: SDG24.1, SDG24.2, SDG24.3 and SDG24.4, the first two being the more 
abundant ones, and the last two, more rare (Fig. 4.3 A). 
In all the SDG24 variants identified, the predicted exons X and XI were not retained in 
the cDNA. Our transcript analyses led us to classify SDG24.1 variant into a 1560 bp coding 
sequence, containing 8 introns and 9 exons. In the case of SDG24.2, the ORF is predicted to 
be 1877 bp long, with 10 introns and 11 exons, of which exons called here IXB and XA were 
located at the 3′ untranslated exons of SDG24.1. With less abundant variant SDG24.3, an 
omission of part of exon VI (VIA, VIB), results in a shorter ORF of 1147 bp long, and a 3′ 
UTR sequence resembled to SDG24.1 version. In the case of SDG24.4, a deletion of part of 
exon VIII (VIIIA) results in an ORF of 1390 bp and a 3′ UTR region similar to SDG24.2.  
Although, these SDG24 variants were found in flowers, we performed an expression 
analysis in different tissues of the initial part of ORF, common to all splicing variants. SDG24 
transcripts were present in roots, seedlings, leaves, flowers, and siliques (Fig. 4.3 B). 
Interestingly, the relative expression in flowers and siliques was higher than in other organs, 
in particular in roots, perhaps indicating that at least in roots a very low amount of transcript 


























Next, we analysed in silico the protein organization for the sequences of SDG24.1 and 
SDG24.2, on which we have focused our further studies. Both of them encode two protein 
variants differing at their C-terminal region: SDG24.1 with 288 amino acids, and SDG24.2, 
with 329 amino acids. For these two variants, SET, AWS and post-SET domains are predicted 
to be located at the same positions. Additionally, we searched for putative NLS, and found 
three signals distributed along the protein sequences, NLS1 being the one possessing the 
highest score probability (Fig. 4.3 C). On the other hand, analysis in the less abundant 














































IXB XA SDG24.2 
+1877 bp 





I II III IV V VI VII VIII IX 5’UTR 3’UTR X XI 







































Figure 4.3. SDG24 splicing variants structure. (A) SDG24 gene structure. Exons (yellow boxes) are arranged 
with roman numbers; introns as a black line; and UTR regions (5’ and 3’) in green boxes. Arrowheads denote the 
ATG to Stop codons, confirmed by cDNA transcript analysis. (B) SDG24 gene expression. qPCR from wild-type 
(Col-0) cDNA of 7 dps roots and seedlings, mature rosette leaves (R. leaves), caulinar leaves (C. leaves), flower 
buds, mature flowers, and un-dried siliques. Fold change is given by the 2-ΔΔCT method. SDG24 amplified region is 
located between exons I and II. ± SD between technical replicas. At least 2 biological replicas were performed with 
similar results. ACT2 served as gene of reference. (C) SDG24.1 and SDG24.2 protein structure. Protein domains 
according to Prosite database: AWS (60-109 aa), SET (111-228 aa) and Post-SET (234-250 aa). Most probable 
nuclear localizations signals according to cNLS mapper are depicted as NLS1 (5-22 aa), NLS2 (108-116 aa) and 
NLS 3 (246-257 aa). Domains and NLS are common for both splicing variants. Protein sizes: SDG24.1= 288 aa, 





consequence of a shorter transcript sequence; and for SDG24.4 (241 aa), part of the post-SET 
domain is missing (not shown). 
All this data suggest that several SDG24 variants coexist at the same time, been 
SDG24.1 and SDG24.2 being good candidates to posses HMT activity and nuclear 
localization. Additionally, the 3′ region could have a potential regulatory role as all observed 
variations were localized at this area, becoming more necessary an in vivo protein localization 
to discern between variants.  
 	
4.1.2 SDG7 and SDG24 protein expression analysis during Arabidopsis organogenesis 
In plants, organogenesis is a post-embryonic process that occurs in a continuous manner 
throughout the entire lifespan. Aerial organs (leaves, stems, flowers) and underground tissues 
(roots, lateral roots) will be formed in order to complete the plant life cycle (Perianez-
Rodriguez et al., 2014). To determine the expression pattern of our candidate proteins, we 
generated transgenic plants expressing tagged versions under the control of their endogenous 
promoters (Fig. 4.4). For SDG7 and two SDG24 variants, SDG24.1 and SDG24.2, three 
tagged versions were generated: β-glucuronidase protein (GUS), enhanced cyan fluorescent 
protein (CFP) and the monomeric red fluorescent protein (mRFP). These reporters were 















As it could be expected for the SDG24 gene that possesses different spliced variants, an 
in silico analysis on the SDG24.1 and SDG24.2 genomic constructs was performed to rule out 
Figure 4.4. SDG7 and SDG24 tagged lines. The genomic sequences of SDG7 and SDG24 were cloned 
including ∼2 kb of their 5′ region and fussed to different tags (GUS, CFP and mRFP). Two versions of SDG24 
were generated, SDG24.1 and SDG24.2, differing in their 3′ region according to the mRNA analysis. The 
schematic representation shows exons (yellow boxes) and introns (black line) of the genomic sequence. The 
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the production of alternatively tagged products (not shown). The outcomes from those 
constructions will only produce the SDG24.1 and SDG24.2 specific variants that are in frame 
with the different tags; however, we cannot discard the occurrence of other(s) uncharacterized 
splicing maintaining in frame the tag expression. 
 
 4.1.2.1 SDG7 is expressed in leaves, roots, flowers and embryos 
We studied the expression of SDG7 in different Arabidopsis developmental stages. The 
pSDG7::SDG7-GUS line allowed us to located it in the root, lateral roots, lateral root 
primordia (LRP), shoot apical meristem (SAM), rosette leaves, inflorescent meristem (IM) 
(Fig. 4.5), and during flower and embryo development (Fig. 4.6). Interestingly, we noticed 
that SDG7 expression had an ON-OFF pattern in all observed tissues, being higher in 
proliferative cells, and diminished progressively when differentiated growth took place.  
The ON/OFF signal was visualized during aerial organ development starting with the 
formation of rosette leaves. Protein accumulates covering the total area of the first pair of 
leaves from day 2 to day 6; then, while cell expansion progresses, SDG7 is confined to the 
basal part of each leaf between days 7 to 9, to finally disappear at day 10 (Fig. 4.5 A-L). This 
pattern was repeated for all emerging pair of leaves, and continued when floral transition 
aroused. At this stage SDG7 is detected only in the last emerged leaves and in the new IM in a 
rosette formation (Fig. 4.5 M).  
Incubation of SDG7-GUS roots for 30 minutes in GUS staining solution showed a 
particular high-accumulated signal at the meristem zone that decreased at elongation and 
differentiation zones, until no signal was detectable (Fig. 4.5 N, O). Additionally, SDG7 
expression was observed during lateral root formation, being present in all developmental 
stages and maintained in the meristematic zone, as lateral roots were elongated (Fig 4.5 N, P).  
After the flowering transition, SDG7 is highly expressed in all flower buds between 
floral stages 1 to 6 (Fig. 4.6 A). Afterwards, we visualized the expression in growing petals 
and carpel development between floral stages 7 to 11. Interestingly at flower stage 11, meiosis 
of the megaspore takes place (major events of male and female gametophytes development 
are summarized in Fig. 1.9 in the Introduction). Curiously, between flower stages 12 and 13, 
SDG7 signal was undetectable. After pollination, SDG7 protein became more apparent inside 
the carpel, letting us to investigate its expression during embryo development. In the growing 
zygote, SDG7 also showed the ON/OFF pattern, where signal was accumulated in 


























Also, we detected SDG7 signal at the chalazal endosperm, a pocket of cells with a low 
rate of cellularization (Berger, 1999). After cotyledons and radicle (the embryo root) start to 
elongate, SDG7 expression is confined at the meristem reservoir of SAM and RAM (Fig. 4.6 
B8-9). Detailed events of embryo development are summarized in Fig. 1.10 in the 
Introduction. 
Taken together all in vivo expression data we conclude that SDG7 protein is highly 
expressed in proliferative growing tissues, and its expression progressively decreased while 
differentiation occurs in the formation of organs.  
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Figure 4.5. SDG7 is expressed in leaves and roots. Expression of SDG7-GUS in Col-0 background. (A-L) 
Time course expression in seedlings, in order from 1 dps (A) to 12 dps (L). Bars=1 mm. (M) Flowering transition 
in a 21 dps plant. Cotyledons (Cot), rosettes leaves (L1-L13) and inflorescent meristem (IM) are depicted (tissues 
come from the same rosette). Bar=3 mm. (N) 8 dps seedling showing lateral roots (LR, upper inside box) and 
lateral root primordia (LRP, lower inside box). Bar= 5 mm. (O) Optical image of primary root at 6 dps. Bar= 100 



























 4.1.2.2  SDG24 is expressed in vegetative organs 
We followed SDG24 expression pattern with the aid of GUS reporter lines. First, we 
decided to find out if the SDG24.1-GUS variant was expressed in the root, as initial 
transcriptional data did not discerned between variants. Short incubation times with GUS 
staining solution (between 30 minutes up to 8 hours) did not showed any positive signal. 
Surprisingly, after prolonged incubation periods (>24 hours) a signal was successfully 
detected in the root (Fig. 4.7 B). Protein also accumulated in LRPs and in fully emerged 
lateral roots (Fig. 4.7 A, F). Intriguingly, we also detected SDG24.1 expression in nuclei from 
young and mature trichomes from 10-12 dps rosettes leaves (Fig. 4.7 C-E), although no 
signal was observed in rosette or caulinar leaves. We also performed the examination of the 
SDG24.2-GUS variant in the vegetative organs; although no signal was detected even when 
prolonged GUS incubation periods were applied (not shown). 
 
Figure 4.6. SDG7 is expressed during flower and embryo development. (A) Detection of SDG7-GUS in flower 
stages 1-16. Bar= 1 mm. A fully developed inflorescence is shown inside the box. (B) Optical images of embryos at 
different stages: 4-cell zygote (1-2), octant (3-4), early heart (5), late heart (6), torpedo (7, 8), walking-stick (9) and 
mature embryo (10). B2 and B4 are amplifications of B1 and B3 respectively. car: carpel; pe: petal; CZE: chalazal 
endosperm; SAM: shoot apical meristem; RAM: root apical meristem; Cot: cotyledons; Rad: radicle. Bars= 100 µm; 
and 50 µm in 2B and 4B. 
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From these results we conclude that the SDG24.1 is expressed in vegetative organs, 
including the root and the nuclei from trichomes, while the SDG24.2 variant is absent in those 
tissues. 
 
 4.1.2.3  SDG24 is expressed in reproductive organs 
Since the SDG24 transcripts were highly enriched in flowers, we followed SDG24.1 
expression during flower development (Fig. 4.8 A). In particular, the SDG24.1-GUS signal 
was only detected after prolonged incubation periods (> 48 hours) with a first peak of 
expression in the anthers between early floral stages 7-11. At this point, pollen microspores 
are formed and the first mitotic division takes. Curiously at stage 12, protein was undetectable 
in any floral organ. Then, between late-12 and 13 floral stage, when megaspores reaches their 
maturity, signal became very high at ovules inside the carpel and fainted after pollination took 
place (Fig. 4.8 A, B). 
To confirm that SDG24.1 expression in the embryo sac occurs in a very particular stage 
without pollination, we emasculated 12-stage and 13-stage flowers and let them grow under 
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Figure 4.7. SDG24.1 is expressed in roots and trichomes. Detection of SDG24.1-GUS in Col-0 background. (A) 12 
dps seedling showing lateral roots (LR, upper inside box) and lateral root primordia (LRP, lower inside box).  Bar= 
5 mm. (B) Optical image of primary root at 6 dps. Bar= 100 µm. (C) Optical images of LRP formation stages (I-VIII). 
Bar= 50 µm. (D-F) Trichomes of 12 dps rosette leaves. Optical image of young (E) and mature trichome (F) expressing 
SDG24.1 at the nuclei (Nu).  
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normal conditions over 18 hours; after GUS detection, the signal was visualized only in the 
new 13-stage flower and absent in the un-pollinated 14-stage ones (not shown). 
After that, we performed a more detailed analysis in ovules from 13-stage flowers. The 
mature embryo sac consists	of	8-nucleated, 7-cells organ: the central cell (1 cell with 2 nuclei) 
and egg cell (1) being the female gametes; and the synergids (2) and antipodals (3), the 
accessory cells the (Bowman, 1994; Schneitz et al., 1995; Baroux and Grossniklaus, 2015). 
To analyze protein expression at the cellular level, we used the SDG24.1-mRFP reporter line. 
Expression was detected in the two polar nuclei of the central cell before fusion (8% out of 35 
ovules analyzed), in secondary nucleus of central cell after fusion (90%), and both central cell 
and egg apparatus (∼3%), with the egg cell and synergids being indistinguishable at the 
micropylar pole (Fig. 4.8 C-E). With a prolonged GUS enzymatic activity of SDG24.1-GUS 
line (48-72 hours), expression in the egg apparatus became more apparent (80% out 50 ovules 

























Figure 4.8. SDG24.1 is expressed during flower and embryo sac development. (A) Expression of 
SDG24.1-GUS during flower stages from 1-16. Bar= 1 mm. A fully developed inflorescence is shown inside 
the box. (B) Optical image of a 13-stage emasculated floral carpel. (C-H) Whole-mount ovules collected after 
24 h from emasculated 12-stage flowers. Mid-plane confocal images of ovules expressing SDG24.1-mRFP 
(magenta) in two polar nuclei from central cell (C), the secondary nucleus of the central cell (D), and the 
secondary nucleus and egg apparatus (E). The SR2200 dye (yellow) is used as membrane counterstain. (F-H) 
Mid-plane optical images of ovules expressing SDG24.1-GUS in secondary nucleus and egg apparatus. 
Triangles in H point to two different stained nuclei. an: anther; car: carpel; pn: 2 polar nuclei from central cell; 
sn: secondary nuclei from central cell; ea: egg apparatus; mp: micropylar pole. Bars= 10 µm. 
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Taken together this data, we can conclude that: (i) SDG24.1 is expressed in male and 
female reproductive organs, (ii) the expression of SDG24.1 in ovules, as well as in trichomes, 
confirms the nuclear localization of SDG24.1, (iii) SDG24.1 is expressed at least in one of the 
female gametes, the central cell, just prior pollination, acting as a possible indicator for 
embryo sac maturity, and (iv) prolonged incubation periods in GUS staining solution might 
suggest low SDG24.1 protein expression in the tested organs.  
 
On the other hand, we performed the examination of SDG24.2 variant with the aid of 
the SDG24.2-GUS reporter line. Interestingly, a positive signal was detected only in the 
anthers between floral stages 7-11 (Fig. 4.9). We also noticed that the signal decrease 
progressively until no signal was visualized at floral stage 13, when pollen has completed 
mitotic divisions and it is ready to be dehiscent. With these results, we can conclude that 












 4.1.2.4  SDG7 has a nuclear expression   
A prerequisite to function as a chromatin modulator is to possess nuclear localization. 
Using the SDG7-GUS lines was difficult to determine any particular nuclear pattern. Thus, 
we decided to analyze fluorescent reporters in the root meristem, as confocal microscopy 
could be more sensitive to detect subcellular localization. With the aide of SDG7-CFP lines, 
we found that SDG7 was present in the nuclei of all root meristem cells (vascular, 
endodermal, cortex, epidermal, lateral root cap (LRC), and the columella), being more clear in 
epidermal cell nuclei, and less intense in the columella nuclei (Fig. 4.10 A, B).  
We also noticed a high fluorescence background around the nuclei, indicating that 
expression was also located at the cytoplasm. In cells outside the RAM the SDG7 expression 
signal was confined to the nuclei, and it was even more nuclear at the beginning of the EZ, 
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Figure 4.9. SDG24.2 is expressed during flower development. Expression of SDG24.2-GUS in Col-0 





probably because the cytoplasm retracts with the increasing vacuole size (Fig. 4.10 A). As 
seen with SDG7-GUS lines, the signal of SDG7-CFP decreased progressively along the EZ 
and DZ until is no longer detected (not shown). 
We also evaluated SDG7-mRFP expression lines. This construct allowed us to sharp the 
detection in the nuclei from the root and lateral root primordia (not shown). We were also 
able to colocalize SDG7-mRFP with DNA, by applying a soft DAPI (4′,6-diamidino-2-
phenylindole) staining procedure (0.25 µg/mL of DAPI solution for five to ten minutes) (Fig. 







Noteworthy, prolonged incubation periods with DAPI, highest concentrations or 
paraformaldehyde fixation produced a massive loss of the SDG7 fluorescent signal from the 
nuclei to the cytoplasm, affecting some cells or the entire cell file from all cell layers (not 
shown). Furthermore, an important technical feature of nuclei fluorescent detection was the 
need of very aggressive confocal conditions, where the laser was usually set between 80-95% 
capacity and low scanning rate, which at the end, resulted in fluorescent bleaching and cell 
damage on in vivo detections. Also, confocal analysis for both SDG7-CFP and mRFP tagged 
lines was only achieved with specific laser lines and detectors for those wavelengths, being 
impossible to distinguish them with more wide-range detectors in older confocal microscopes 















































Figure 4.10. SDG7 is expressed in the 
nuclei and cytoplasm of RAM cells. 
Confocal images of roots expressing 
SDG7 tagged lines. (A) SDG7-CFP 
(cyan) expression in all cells layers of 
the RAM at 6 dps. Epidermal cell layer 
(right) or mid plane section (left). Bar= 
100 µm. (B) Amplified mid plane root 
section of A. The QC is indicated by an 
asterisk. Bar= 50 µm. Propidium iodide 
(red) is used as cell wall counterstaining. 
(C) RAM nuclei from the same cell file 
expressing SDG7-mRFP and stained 
with DAPI (cyan). Bar= 10 µm. SCN: 
stem cell niche; QC: quiescent center; 
PD: proliferation domain; TD: transition 
domain; EZ: elongation zone; ep: 
epidermis; co: cortex; en: endodermis; 
st: stele; cl: columella. 
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in Materials and Methods.  
From these results we conclude that SDG7 is expressed in nuclei and cytoplasm of root 
cells, although the signal is only detected with the use of harsh confocal settings. Also, SDG7 
is prone to degradation with the application of chemical stresses, adding technical difficulties 
for molecular characterization. 
 
 4.1.2.5  SDG24 has a nucleolar organization in the root 
After nuclear localization of SDG24.1 in trichomes and the gametic central cell, we also 
wondered if this pattern could be visualized at the root with the aid of fluorescent-tagged lines 
and confocal microscopy. As an interesting fact, we fail to observed any expression with CFP 
reporter, been analyzed more than 30 F2-transgenic lines presenting the typical 3:1 
segregation pattern (one T-DNA insertion event). With the SDG24.1-mRFP line we found a 
signal in nuclei of all cell layers of the root (Fig. 4.11 A).  
To confirm this localization, we also stained nuclear DNA by performing a rapid 
fixation of the roots with paraformaldehyde, followed by DAPI staining (diluted at 0.25 
µg/mL) for 10 minutes. Interestingly, DAPI staining narrowed SDG24.1 localization to the 
nucleoli (Fig. 4.11 B, C). This nucleolar pattern is more clearly observed after 3D 
reconstruction, where SDG24.1 is occupying the unstained DAPI regions, as less DNA 
condensates in this area (Fig. 4.11 D). Amplification of the nucleolar area also revealed 
aggregation patterns or clusters where SDG24.1 was brighter (Fig. 4.11 E). This pattern 
might correspond to protein aggregation in different nucleolar compartments at that particular 
cell stage. 
The size of nucleolus reflects the dynamics of ribosome production and change 
according to the cell demand for protein biosynthesis. In proliferating cells, where ribosome 
production is high, the nucleolus diameter can be 20 times bigger than those of differentiated 
cells (Ruda and Warner, 2004; Olson, 2011). In 3D-reconstructed nuclei from the same root 
cell file we observed this pattern, where DAPI stained nuclei at the TD of the RAM possess 
larger unstained areas than more distant nuclei in the EZ (Fig. 4.12 B). Accordingly, 
SDG24.1-mRFP expression was restricted to the nucleolar area of each nucleus (Fig. 4.12 
A,	B). Curiously, we also observed that nucleolar domain (and SDG24.1 expression as well) 
was not always localized at the center of nuclei, but rather displaced towards the nuclear 
envelope, being more evident in cells at the EZ with smaller nucleoli (Fig. 4.12 B, C). In 
agreement with this observation, the nucleolar proximity or direct contact to the nuclear 
envelope has been described in yeast an higher eukaryotes to be associated with local 
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modification of nuclear membrane rigidity and peripheral tethering of rDNA (Mekhail et al., 














































































Figure 4.12. 3D reconstruction of SDG24 
expressed in root cells. 6 dps root nuclei 
expressing SDG24.1-mRFP. A section of one 
epidermal cell file stained with DAPI (cyan) is 
presented in different orthogonal projections: 
front view (A), upper view from transversal 
plane (B), front view with a transversal cut of 
DAPI area leaving SDG24.1 expression 
uncovered inside the nucleus (C). Arrowheads in 
B point to stained DNA and nucleolar area (nu) 
from one nucleus. Asterisks (*) in B and C point 
to displaced nucleolar area towards the nuclear 
membrane. Cell positioning at the RAM is 
indicated at the bottom: TD: transition domain; 
EZ: elongation zone.  
Figure 4.11. SDG24 is expressed in nucleoli of root cells. (A-B) Confocal images roots expressing SDG24-mRFP 
(magenta) in the RAM on 6 dps roots. (A) Mid plane section of RAM showing bright field (BR) and SDG24-mRFP 
expressing in all root cell layers and QC (*). (B) DAPI stained root (cyan) showing the epidermal cell layer. 
Arrowheads points to stained nuclei with SDG24 at the nucleolar area. (C) Same as in B, but with the QC plane of 
the RAM. Bar= 50 µm. (D) 3D reconstruction of a RAM nucleus (z-50 planes). Nu: nucleus, nu: nucleolus. Bar= 10 
µm. (E) Amplification of nucleolus from D. Arrowheads detailing SDG24 brighter aggregation spots. Nuclei from 
B-D are counterstained with DAPI (cyan). SCN: stem cell niche; QC: quiescent center; PD: proliferation domain; 
TD: transition domain; EZ: elongation zone; DF: differentiation zone; ep: epidermis; co: cortex; en: endodermis; st: 









































































It must be emphasized that evaluations of mRFP lines were not exempt of technical 
difficulties. In general, a low detection signal in the root was appreciated. Also, we detected 
loss of fluorescence as a consequence of root handling, where mechanical manipulation of 
roots for confocal observation, led to degradation of SDG24.1-mRFP nucleolar pattern in 
several nuclei from the same cell file, and in some cases in an entire cell layer. Mechanical 
stress also produced autoflorescent particles surrounding the nuclear area where damage has 
occurred (not shown). This data suggest, that the nucleolar pattern of SDG24.1 in the root is 
rapidly altered when mechanical handling is applied, maybe as a stress response mechanism.  
From the confocal analysis we conclude that at least in the root, SDG24.1 has a 
nucleolar expression in different root cell layers and particularly seems to aggregate in 
clusters inside the nucleolus. Additionally, SDG24 is sensitive to mechanical handling, 
adding technical difficulties to molecular characterization. 
 
 
4.1.3 SDG7 and SDG24 expression during the cell cycle 
 4.1.3.1 SDG7 and SDG24 are absent during mitosis in the RAM 
One of the most significant features that became evident during SDG7 and SDG24.1 
protein localization in the root was their absence in mitotic cells. Mitotic cells are frequent in 
the PD of the RAM, and less common at the TD. Consequently, we examined mitotic figures 
inside the RAM with the aid of DAPI staining. Mitotic figures did not show any detectable 















Figure 4.13. SDG7 and SDG24 are absent 
during mitosis. Confocal images of mitotic 
figures of 6 dps roots expressing SDG7-mRFP 
(A) or SDG24.1-mRFP (B) in magenta. DAPI 
was used for DNA counterstaining (cyan). White 
triangles in Telophase show the accumulation of 
new SDG7-mRFP or SDG24.1-mRFP protein. 
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To observe telophases, DAPI background allowed us to search for engrossed cell areas 
surrounded by smaller nuclei. Interestingly, at telophase, SDG7 and SDG24.1 proteins started 
to accumulate once again at the nuclear area. These results could be explained at least for the 
nucleolar SDG24.1 protein, as nucleoli assembly is an early event initiated at telophase 
(Hernandez-Verdun, 2011). In resemblance to SDG24.1, our results led us to speculate that 
SDG7 might have as well a nucleolar functional pattern. 
 
 4.1.3.2 SDG24 is present in G1-S-G2 phase cells in the RAM 
Our next aim was to answer if our candidate proteins were stably expressed 
throughout the rest of the cell cycle. To do so, we followed several approaches, including the 
labeling with EdU (a nucleoside analog of thymidine) and the combination with fluorescent 
cell-cycle markers. Here, we focused on SDG24 protein. In our first attempt to determine if 
SDG24.1-mRFP is expressed in S-phase cells, we labeled with EdU, fixed the roots, 
immunodetected the mRFP-tag and stained with DAPI to highlight all nuclei (as detailed in 
Methods). Unfortunately, after testing different mRFP antibodies and dilutions, we were not 
able to detect SDG24 (Fig. 4.14 A). Interestingly with the control protein, the histone H3.3 
(HTR5-mRFP; Otero et al., 2016), we detected a clear nuclear colocalization of the highly 
expressed histone, but not so efficiently for the less expressed ORC1b protein (ORC1b-
mRFP; Vergara, 2017). 
These results led us to investigate if the protein detection range of mRFP antibody was 
influencing these results. To that end, we performed a Western blot analysis of nuclear protein 
extracts from roots expressing SDG24.1-mRFP, and HTR5-mRFP and ORC1b-mRFP as 
controls. Indeed, the antibody only detected a protein signal from HTR5-mRFP up to 1.5 µg 
of nuclear extracts (Fig. 4.14 B, C). Although ORC1b-mRFP was not detected by its mRFP 
tag, it was visualized with the use of an ORC1b specific antibody, indicating that ORC1b 
degradation did not occur (Fig. 4.14 C). Therefore it seems that the amount of SDG24.1 is 
below the detection level of the antibodies used. 
Interestingly, ORC1b is degraded by the proteasome pathway and nuclear protein 
extractions needed to be done in the presence of proteasome inhibitors (Vergara and 
Gutierrez, 2017). To rule out that a similar process was damaging SDG24 protein during 
nuclear extractions, we incubated roots expressing SDG24.1-mRFP in a mix of proteasome 


































Observations at the confocal microscope revealed that ORC1b-mRFP increased its 
florescent pattern in the root (as expected), but no major differences were observed for 
SDG24.1-mRFP, suggesting that SDG24 is not targeted to proteasome degradation. 
Altogether these results strongly indicate that SDG24 is indeed a low expressed protein in the 
root, and available antibodies for mRFP tags are not efficient to detect it neither by 
immunohistochemical assay nor by Western blot. 
Figure 4.14.  SDG24 protein can not be identified by immunocytochemistry or Western blot. Roots expressing 
SDG24.1-mRFP and different mRFP-Tagged proteins (as positive controls) were subjected to immunodetection 
with different antibodies. (A) Confocal images of 15 min EdU labelled 5 dps roots from Col-0 (wild-type), HTR5-
mRFP, ORC1b-mRFP and SDG24.1-mRFP. In magenta, immunohistochemical detection of mRFP nuclei (α-RFP, 
Thermo-Fischer Scientific). In green, EdU positive nuclei detected by Click-it reaction. DAPI was used as 
counterstaining (Cyan). Arrowheads point to positive mRFP nuclei. Bar= 50 µm. (B-C) Western blot detection of 
mRFP-tagged proteins presented in A. (B) Nuclear-enriched protein extracts from 12 dps roots were subjected to 
WB analysis with α-DsRED antibody (Santa Cruz Biotechnologies). 44 µg of soluble (S) and insoluble (P) protein 
fractions were loaded. ORC1b was treated with proteasome inhibitors during protein extraction to avoid protein 
degradation. (C) Soluble fraction of HTR5-mRFP presented in B was diluted to determine the sensitivity range of  
α-DsRED antibody. (D) Equal amount of ORC1b soluble fraction presented in B was detected by specific α-ORC1b 
antibody. The arrowhead shows ORC1b-mRFP location. Molecular markers in kDa are shown at the left of each 
figure. Coomassie stained membranes (Co) are shown in the bottom as protein loading control. Expected protein 











































































































































So far, none of the conditions tested allowed us to detect SDG24 in S-phase cells. Thus, 
we decided to use an in vivo approach, where EdU labeled cells could be colocalized with the 
fluorescent signal of SDG24.1-mRFP. To do so, roots were incubated with EdU for 15 
minutes, fixed for 5 minutes, permeabilized for 15 minutes, and EdU detected with the Click-
it reaction. After 10 minutes of DAPI staining roots were examined by confocal microscopy 
(see Methods for more detailed protocol). With this method, EdU labeled cells were 
positively detected colocalizing with SDG24.1-mRFP nucleoli along the RAM in epidermis 
and cortex cells files (Fig. 4.16 A). Fluorescence damage was observed for all treated roots. 
In cell files with positive SDG24 fluorescence, we localized 100% of EdU labeled cells with 
mRFP expression, being present in all of four (early-to-late S-phase) EdU expression patterns 
(Fig. 4.16 B) (Dvorackova et al., 2017). Cells without SDG24.1 expression within the same 
cell file were also EdU negative (Fig. 4.16 A), indicating that the absence of SDG24.1 was 
not related to S-phase. Therefore, we conclude that SDG24 is present during the entire S-
phase. 
To detect SDG24.1 expression in other cell cycle phases, we crossed them with ORC1b-
GFP (Vergara, 2017) and CYCB1;1-GFP (Ubeda-Tomas et al., 2009) markers for 
identification of G1 and G2 cells, respectively. ORC1b is a subunit of the origin recognition 
complex (ORC) that is synthesized in G2 in low levels and reaches full loading in G1, 
generating a high fluorescent signal, usually in paired cells. Afterwards, ORC1b degrades 
rapidly at the at G1/S transition, being undetectable in S-phase (Vergara, 2017). In the 
SDG24.1-mRFP x ORC1b-GFP cross we observed ORC1b G1/S patterns colocalizing with 
SDG24.1 nucleoli along the RAM (Fig. 4.17 A).  
 
Fig. 4.15. SDG24 is maintained in the presence 
of proteasome inhibitors. Confocal images of 6 
dps roots expressing ORC1b-mRFP (green) or 
SDG24.1-mRFP (magenta) treated with proteasome 
inhibitors (50 µM MG132 plus 0.5 µM 
epoxomycin) for 3 hours. Control plants are shown. 
Bar= 50 µm. 
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Figure 4.16. SDG24 is present in S-phase cells of the RAM. Roots expressing SDG24.1-mRFP (magenta) were 
labelled for 15 min with EdU (green) and detected by Click-it reaction. (A) Confocal images at the QC (left) or 
epidermis (right) planes showing SDG24.1 signal in S-phase cells (+EdU) along the RAM (grey lines). Arrowheads 
indicate the meristem end. Asterisks (*) point to negative SDG24.1/EdU cells. (B) Maximum intensity projections 
of nuclei from selected confocal z-stacks of different root cell layers showing individual EdU labelling types (T1-
T4). DAPI was used as counterstaining (Gray). Bar= 50 µm in A, and 5 µm in B. 
Figure 4.17. SDG24 protein is present in G1 and G2 phase cells in the RAM. Confocal images of 6 dps roots 
expressing SDG24.1-mRFP/ORC1b-GFP (A, B) or SDG24.1-mRFP/CYCB1;1-GFP in the nuclei (C). (A) 
Amplified epidermal cell file showing co-localization of SDG24.1 protein in cells at G1 (*) and S-phase (S, empty 
ORC1b expression) along the RAM. An arrowhead indicates the meristem end. Bar= 50 µm. (B) ORC1b marker 
also allows to confirm the absence of SDG24.1 at prophase nuclei (upper panel), and re-aggregation of the protein 
inside the nuclear area in different telophase stages (bottom panel) in the same cell file. All images are maximum 
intensity projections from selected confocal z-stacks. (C) Co-localization of SDG24.1-mRFP/CYCB1;1-GFP 
expression in cells at different G2/M stages confirm SDG24.1 degradation at the entering of mitosis. Bar= 50 µm (in 
























































































Other detailed observations allowed us to corroborate SDG24.1 absence in prophase 
nuclei and re-aggregation at telophases when ORC1b its still loading (Fig. 4.17 B). On the 
other hand, a cross with CYCB1;1-GFP, a cell marker of G2-M transition, allowed us to 
observe that the amount of SDG24.1 protein decreased as CYCB1;1 increases with 
progression from G2 into mitosis (Fig. 4.17 C). 
Taken together these data, we confirmed our previous results of EdU labeling of S-
phase cells and observations of mitotic figures. We conclude that during the cell cycle SDG24 
expression starts to increase in telophase, is maintained in G1, S and until G2 phase, and is 
degraded at the entrance in prophase. Our results reinforce the use of crosses with ORC1b and 
CYCB1;1 markers as a useful way to study SDG24 cell cycle dynamics without introducing 
extra chemical stress. 
 
 4.1.3.3 SDG24 content along Arabidopsis root 
After visual inspection of different roots expressing SDG24.1-mRFP, it became 
apparent that a portion of consecutive cells within the same cell file at the end of the RAM 
contained more fluorescent intensity than others. Therefore, to corroborate this observation 
we quantified the SDG24.1-mRFP fluorescent intensity of all nuclei in several epidermal cell 
files, from the first observed epidermal nucleus at the root tip to the first rapidly elongating 
cell at the TZ (Casamitjana-Martı́nez et al., 2003). DAPI was used to contour the nuclear area 
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Figure 4.18. SDG24 content in the nuclei 
along the Arabidopsis root. (A) The relative 
fluorescence intensity of SDG24.1-mRFP 
(magenta) of each nucleus in entire cell files 
(n=10) was plotted against its position in the 
RAM (µm). Relative DNA was determined 
after DAPI (cyan) staining (ploidy level, Y-
axis). An example of an epidermal cell file 
(trichoblast) is shown at the bottom, 
reconstructed from maximum intensity 
projections of confocal z-stacks. The RAM, 
including the proliferation domain (PD) and the 
transition domain (TD), as well as the 
elongation zone (EZ) are indicated. (B) 
Relative protein content as ploidy level 
increases along the root. Ratio (± SD, n=10) 
was measured by dividing relative fluorescent 
intensity of    SDG24.1-mRFP by DAPI.  
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From this analysis, we observed a gradual increase of SDG24.1 fluorescence in nucleoli 
until it peaked at cells with 8C DNA content, at the end of meristem. Then, fluorescence 
diminished drastically in the TZ. This pattern is in agreement with initial observations made 
with he SDG24.1-GUS reporter line (Fig. 4.7 B). The ratio between protein content and 
ploidy level (measured by dividing fluorescent intensity of SDG24.1 by DAPI) clearly 
revealed this trend, where accumulation of SDG24.1 protein is preferentially high at the end 
of meristem and decreases at the entering of EZ (Fig. 4.18 B). 
These results suggest that SDG24 expression, high at the end of the RAM and lower as 
differentiation takes place, might be due to a diminished nucleolar activity related to the lost 
of proliferative capacity of the cell in the EZ. 
 
 
4.2 Functional analysis of mutants in SDG7 and SDG24 genes 
 
4.2.1 Identification of SDG7 and SDG24 mutant alleles 
To determine the biological function of SDG7 and SDG24 proteins, we obtained T-
DNA insertion lines from the European Arabidopsis Stock Center (TAIR). Genomic PCR 
analyses were carried out to confirm insertions within the genomic region structure of each T-
DNA line. During the course of this project, three SDG7 mutant alleles were published, 
named: sdg7-1, sdg7-2, and sdg7-3 (Lee et al., 2015). In particular, mutant sdg7-1 was 
described causing a missense mutation (Pro to Leu) in the SET domain, sdg7-2 
(Salk_131218) as a T-DNA knockout (KO) allele, and sdg7-3 (Salk_072682) as a knockdown 
(KD)(Fig. 4.19 A).  Additionally in our project three insertion lines were chosen, sdg7-2 
being one of them. Following the established nomenclature, the two other alleles that we 
identified were named sdg7-4 (Salk_143603) and sdg7-5 (WiscDLox430F09). All of them 
localized within introns, either at the beginning of gene (sdg7-5) or at the end of it (sdg7-4) 
(Fig. 4.19 A).  
Transcript levels of sdg7-2, sdg7-4 and sdg7-5 were evaluated by qPCR in three 
different regions before and after exons 5 and 7, a region that encode for the SET domain in 
the final protein structure (Fig. 4.19 B). Primers P5-6 and P10-11 were not able to amplify a 
band from sdg7-5, suggesting for a possible KO (or truncated protein), whereas a faint 
expression appeared for the sdg7-4 allele, suggesting a possible KD.  In the case of sdg7-2, 
amplification with P3-4 primer was also drastically diminished, in agreement with published 















































Figure 4.19. Relative expression level of SDG7 SDG24 in sdg7 mutant plants. (A) Disruption of SDG7 
gene by different T-DNA insertion lines. Black triangles indicate previously described mutant alleles: sdg7-1, 
sdg7-2 (Salk_131218) and sdg7-3 (Salk_072682). Gray triangles point to the insertion lines used in this 
project: sdg7-4 (Salk_143603) and sdg7-5 (Wisc430F09). Exons (yellow boxes), introns (black line) and 5′- 3′ 
UTR (green) are also indicated. (B) qPCR on cDNA from 7 dps seedlings. Histogram bars represent the fold 
change given by the 2-ΔΔCT method comparing wild type (Col-0) and sdg7 mutants. . The position of primers 
used for qPCR is shown in A: P3-4 (white), P5-6 (grey) and P10-11 (purple). ± SD between technical replicas. 
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Figure 4.20. Relative expression level of SDG24 in sdg24 mutant plants. (A) Disruption of SDG24 gene by 
T-DNA insertion lines. Alternatively spliced variants are indicated below (SDG24.1 and SDG24.2). Triangles 
indicate the insertion site of sdg24-1 (Wisc492G18), sdg24-2 (Salk_201808), sdg24-3 (Salk_205054) and 
sdg24-4 (SK22803). Exons (yellow boxes), introns (black line) and 5′- and 3′-UTR (green musk) are 
displayed. (B) qPCR on cDNA from flower buds. Histogram bars represent the fold change given by the 2-ΔΔCT 
method comparing the wild type (Col-0) and sdg24 mutants. The position of primers used for qPCR is shown 
in A: P1-2 (white), P3-4 (grey) and P6-7 (purple). ± SD between technical replicas. At least 2 biological 




In the case of SDG24, several T-DNA lines were also available. Here, we evaluated four 
candidates: sdg24-1 (WiscDsLOX489-492G18), sdg24-2 (Salk_201808), sdg24-3 
(Salk_205054) and sdg24-4 (SK22803). In the figure 4.20 A the location of different alleles 
in the SDG24 gene is described: one inside exon III (sdg24-4) and three at the 3′ region 
(sdg24-1/2/3). qPCR analysis revealed that untranslated 3′ exons are important to produce 
stable transcript levels, as sdg24-1 (KD) and sdg24-2 (KO) alleles showed a drastic reduction 
of expression in all regions tested; however, this effect was not observed for sdg24-3. On the 
contrary, the insertion caused by sdg24-4 increased SDG24 expression at high levels, possibly 
acting as a gain-of-function allele (Fig. 4. 20 B).  
With the results gathered by the transcriptional analysis, we considered the use 




4.2.2 Enzymatic activity of SDG7 and SDG24 
 
4.2.2.1 The H4K20 methylation mark in sdg7 and sdg24 mutants 
The homology with known lysine HMTases and the nuclear localization of SDG7 and 
SDG24.1 led us to investigate the possible changes of H4K20 methylation pattern in sdg7 and 
sdg24 mutants. To do so, we performed Western blot analysis on histone-enriched protein 
extracts from seedlings of sdg7-4, sdg7-5, sdg24-1 and sdg24-2, and compared them with the 
wild type (Col-0) (Fig. 4.21 A). Unfortunately, the H4K20me3 antibody described in the 
literature (Xu et al., 2008; Sanchez and Gutierrez, 2009) failed to detect this mark in our 
Western blot experiments, and moreover, showed many unspecific bands.  
We also tested other conditions, including increasing the amount of nuclear protein, 
different histone protocol extractions, other specific tissues (roots), and several H4K20me3 
antibodies (detailed in Materials and Methods), but results were inconclusive. Likewise, 
detection of H4K20me1 used as H4 reference also showed high unspecificity. As a way to 
overcome the failure in detecting H4K20me3, we tested the possibility that H4K20 was 
modified at different time points of the cell cycle, a situation described for H4K20me1 in 
humans (Jorgensen et al., 2013). Thus, we synchronized Arabidopsis MM2d cultured cells by 
sucrose starvation and released them at G0-G1 (Menges and Murray, 2002). Samples were 
taken at different time points of the cell cycle and subjected to Western blot. Once again, we 

























From these data, we conclude that: (i) the lack of specificity of current available 
antibodies did not allow us to identify the H4K20me3 mark by Western blot neither in the 
wild type nor in sdg7 and sdg24 mutant lines; and (ii) SDG7 and SDG24 might have 
specificity for other histone modification. 
 
 
4.2.2.2 Evaluation of alternative methylation marks for SDG7 and SDG24 
In order to test alternative histone residues being modified by the action of SDG7 and 
SDG24, we performed a peptide binding assay and an in vitro histone methyltransferase 
assay. The first technique allows the multiple screening of posttranslational modifications in 
histone tails that are recognized by the proteins of interest, and the second approach allows 
the detection of modifications using S-(5′-Adenosyl)-L-methionine (SAM). To do so, SDG7 
and SDG24.1 coding sequences were fused to the glutathione S-transferase (GST) or 6-
histidine residues (His6X) for bacterial purification (Fig. 4.22 A).  
Figure 4.21. H4K20me3 methylation pattern in sdg7 and sdg24 mutants. (A) H4K20me3 methylation 
pattern in wild type (Col-0), sdg7 and sdg24 mutant lines, using H4K20me1 and H3K4me3 as controls. 20 µg 
of nuclear protein extract from 10 dps seedlings were subjected to Western blot (Bonenfant et al.) analysis 
using antibodies from Abcam (AB) or Merck-Millipore (M), as indicated. (B) H4K20me3 pattern during cell 
cycle after sucrose starvation-induced synchrony of MM2d cells. Exponential-phase Arabidopsis MM2d cells 
were subjected to sucrose removal and resupply to follow cell cycle from G0 to mitosis. Nuclear protein 
extracts from asynchronous cells (As) and synchronized cells at different time points after release (0 to 15 
hours) were analysed by WB. 250 µg of protein were loaded. A diagram above depicts the approximate cell 
cycle phases at different times after synchronization. Molecular size markers (kDa) are displayed at the left of 
each image. Coomassie (Co) or Ponceau (Pn) stained membranes are shown at the bottom. The H3 and H4 
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When expressed in bacteria under standard conditions (0.6 OD, induction with 0.5 mM 
IPTG for 1 h at 30 ºC) both GST-SDG7 and His6X-SDG7 tagged proteins co-purified with 
the insoluble fraction; on the contrary, SDG24.1 tagged protein was soluble. In order to obtain 
more soluble protein, we optimized the induction and purification conditions of His6X-SDG7, 
and the same conditions were applied for His6X-SDG24.1 (Fig. 4.22 B, C), which allowed 
the purification of sufficient protein in the soluble fraction. Modifications included the 
addition of glucose to the starter culture (0.25%), lower amount of bacteria to be induced (0.4 
OD), a reduced IPTG concentration (0.3 mM) and a prolonged induction time at a lower 
temperature (2.5 hours at 18 ºC). Purification steps proceeded in an affinity Ni-NTA matrix, 
with some additional modifications over the manufacturer’s standard conditions, including an 
increased NaCl concentration in the Lysis buffer (800 mM), lower imidazole 






4.2.2.2.1 SDG7 and SDG24 bind to histones in vitro 
Although our candidate proteins were selected for their homology to functional 
H4K20me3 HMTases, e.g. the mammalian SUV4-20H1/H2 enzymes, mutations in SDG7 and 
SDG24 did not alter H4K20me3 methylation levels, leading to hypothesize a diverse substrate 
Figure 4.22. Expression of recombinant SDG7 and 
SDG24 proteins in bacteria. (A) SDG7 and 
SDG24.1 coding sequences were fused to GST or 
His6X tags and expressed in E. coli (SDG7, 41 kDa, 
and SDG24.1, 33 kDa). The expected molecular mass 
of the fused proteins is shown at the left of each 
protein diagram. (B) Optimized induction and 
purification conditions of soluble His6X-SDG7. 
Purification was under native conditions with Ni-
NTA agarose matrix. Each purification step was 
analysed by WB (right panel). Lower panel shows 
Coomassie stained membrane (Co) used for WB. (C) 
Same conditions as in B, but for His6X-SDG24.1 
protein. Asterisks (*) indicate the protein location. +I, 
sonicated IPTG induced culture; S, soluble fraction; 
P, insoluble fraction; U, unbound proteins to Ni-NTA 
matrix; B1, proteins bound to matrix; W1-W3, 
washing steps; B2, proteins bound to matrix after the 
washing steps; E1-E4, imidazole elution steps; B3, 
proteins bound to matrix after the elution steps. 
Molecular markers (kDa) are shown to the left of 
each image. α-His and α-GST antibodies where used 
to detect the corresponding protein tags. 
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specificity for both proteins.  Thus, we performed a histone peptide-binding assay (MODified 
Histone Peptide Array, Active Motif) where SDG7 and SDG24.1 were tested for their 
capacity to recognize different histone marks (Fig. 4.23).  
Peptide arrays contained 59 different post-translational modifications for histone 
acetylation, methylation, phosphorylation, and citrullination on the N-terminal tails of 
histones H2A, H2B, H3 and H4, with 384 combinations, by duplicate. For the assay, His6X-
SDG7 and His6X-SDG24.1 proteins were expressed in E. coli (Fig. 4.23 A) and incubated 
with the peptide arrays. The binding signal was detected by Western blot against the His6X 
tag (Fig. 4.23 B), and analyzed with the aid of the array analysis software (Active Motif). 
Measurements were given by the activity of spot intensity, calculated by averaging individual 
spotted peptides of both sides of the slide. To identify the strongest interactions, we 
elaborated a table in which individual and multiple PTMs are distributed in the four histones 
(Tables 4.1 and 4.2). In the Appendix 1 are shown the average of activity of spot intensity 
obtained for all 384 combinations with His6X-SDG7 and His6X-SDG24.1. 
In the case of His6X-SDG7, assay showed binding capacity to lysine (K) and arginine 
(R) residues of histone H3, including acetylated and methylated marks such as H3K4ac, 
H3K9me3, H3K27me1, H3R26me2 and H3R17me2 (Table 4.1). A combination of two, three 
or four marks including different arrangements of H3R2me2, H3R8me2, H3K4me1/me2/me3, 
H3K4ac, H3K9me1/me2/me3 and H3K9ac also gave high intensity scores. SDG7 also 
showed binding capacity to histone H4 peptides carrying one modification, corresponding to 
R3me2, S1P, K5ac, K16ac. Moreover, binding for histones H2A and H2B with highest 
intensity scores, bearing K5ac, S1P and K9ac for the case of H2A; and, S14P, K5ac, K12ac 
and K15ac marks for histone H2B.  
The binding pattern of His6X-SDG24.1 to histones H3, H4, H2A and H2B (Table 4.2) 
was quite different. For histone H3, motifs including H3K27me2/me3 and H3R2me2 were 
more represented, and signals with a combination of histone H3 motifs R2me2, K4me2/me3, 
R8me2 and K9ac was also detected. Interestingly for histone H4, peptides including 
K20me1/me2/me3 marks presented a high detection signal. In the case of H2A, a combination 
of acetylated of K13ac, K9ac, K5ac and K13ac seems to have a mayor contribution for 
peptide binding. For histone H2B also an acetylated pattern was detected, including peptide 
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Figure 4.23. Histone peptide binding assay of SDG7 and SDG24 proteins. (A) Purification of recombinant 
His6X-SDG7 and His6X-SDG24.1 proteins used in this assay, from 1 L of bacterial culture. Left panel shows 
Coomassie blue-stained SDS-PAGE gel (Co) of purified proteins (*). Right panel displays WB analysis (α-His 
antibody) of four elution steps (E1-E4) of each protein after dialysis. For the histone peptide-binding assay the 
fractions E1-E4 were pulled together. Molecular markers (kDa) are shown to the left. (B) MODified Histone 
Peptide Arrays (CelluSpots, Active Motif) were incubated with either His6X-SDG7 or His6X-SDG24.1 
recombinant proteins overnight. Slides were analysed by Western blot with α-His antibody. Wells (A1-P24) 
are countered to indicate the histone peptides combinations corresponding to histones H3 (blue), H4 (red), 
H2A (orange) and H2B (purple). 
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Table 4.1. His6X-SDG7 Histone peptide binding results 
H3 peptides 
No. Loc Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. act. 
9 A9 H3 1-19 K4ac       0.849 
14 A14 H3 1-19 K9me2       0.579 
240 J24 H3 16-35 K27me1       0.488 
238 J22 H3 16-35 R26me2a       0.466 
224 J8 H3 7-26 R17me2s       0.436 
11 A11 H3 1-19 R8me2a       0.422 
10 A10 H3 1-19 R8me2s       0.331 
237 J21 H3 16-35 R26me2s       0.328 
21 A21 H3 1-19 R2me2s K4me1     0.997 
55 C7 H3 1-19 R8me2a K9me3     0.977 
22 A22 H3 1-19 R2me2s K4me2     0.957 
56 C8 H3 1-19 R8me2a K9ac     0.929 
24 A24 H3 1-19 R2me2s K4ac     0.896 
59 C11 H3 1-19 R8Citr K9me1     0.817 
23 A23 H3 1-19 R2me2s K4me3     0.761 
66 C18 H3 1-19 K9me1 T11P     0.708 
53 C5 H3 1-19 R8me2a K9me1     0.645 
29 B5 H3 1-19 R2me2a K4ac     0.640 
48 B24 H3 1-19 R8me2s K9me2     0.596 
30 B6 H3 1-19 R2Citr T3P     0.573 
60 C12 H3 1-19 R8Citr K9me2     0.533 
54 C6 H3 1-19 R8me2a K9me2     0.420 
250 K10 H3 16-35 R26me2a K27me1     0.370 
61 C13 H3 1-19 R8Citr K9me3     0.345 
114 E18 H3 1-19 R2me2a K4me3 K9me2   0.993 
132 F12 H3 1-19 K4me1 R8me2s K9me2   0.889 
109 E13 H3 1-19 R2me2s K4me2 K9me1   0.828 
112 E16 H3 1-19 R2me2a K4me1 K9me2   0.643 
118 E22 H3 1-19 R2me2s K4me3 K9me3   0.637 
130 F10 H3 1-19 K4me3 R8me2a K9me1   0.600 
116 E20 H3 1-19 R2me2s K4me1 K9me3   0.565 
126 F6 H3 1-19 K4me3 R8me2s K9me1   0.524 
41 B17 H3 1-19 R2me2s T3P K4me3   0.500 
129 F9 H3 1-19 K4me2 R8me2a K9me1   0.500 
138 F18 H3 1-19 K4me3 R8me2a K9me2   0.491 
131 F11 H3 1-19 K4ac R8me2a K9me1   0.477 
128 F8 H3 1-19 K4me1 R8me2a K9me1   0.436 
111 E15 H3 1-19 R2me2s K4ac K9me1   0.435 
86 D14 H3 1-19 R8me2s K9me3 T11P   0.420 
110 E14 H3 1-19 R2me2s K4me3 K9me1   0.360 
104 E8 H3 1-19 R2me2a K4me1 R8me2a   0.354 
204 I12 H3 1-19 R2me2s K4me1 R8me2a K9me3 0.953 
177 H9 H3 1-19 R2me2a K4me2 R8me2s K9me3 0.946 
209 I17 H3 1-19 R2me2a K4me2 R8me2a K9me3 0.923 
176 H8 H3 1-19 R2me2a K4me1 R8me2s K9me3 0.916 
201 I9 H3 1-19 R2me2a K4me2 R8me2a K9me2 0.859 
174 H6 H3 1-19 R2me2s K4me3 R8me2s K9me3 0.854 
203 I11 H3 1-19 R2me2a K4ac R8me2a K9me2 0.776 
172 H4 H3 1-19 R2me2s K4me1 R8me2s K9me3 0.775 
184 H16 H3 1-19 R2me2a K4me1 R8me2s K9ac 0.770 
202 I10 H3 1-19 R2me2a K4me3 R8me2a K9me2 0.728 
158 G14 H3 1-19 R2me2s K4me3 R8me2s K9me1 0.718 
171 H3 H3 1-19 R2me2a K4ac R8me2s K9me2 0.693 
191 H23 H3 1-19 R2me2s K4ac R8me2a K9me1 0.617 
207 I15 H3 1-19 R2me2s K4ac R8me2a K9me3 0.606 
197 I5 H3 1-19 R2me2s K4me2 R8me2a K9me2 0.584 
180 H12 H3 1-19 R2me2s K4me1 R8me2s K9ac 0.577 
192 H24 H3 1-19 R2me2a K4me1 R8me2a K9me1 0.558 		
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Table 4.1. Cont. 
H4 peptides 
Pep.  Loc Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. act. 
279 L15 H4 1-19 R3me2a       0.987 
277 L13 H4 1-19 S1P       0.972 
280 L16 H4 1-19 K5ac       0.942 
283 L19 H4 1-19 K16ac       0.934 
278 L14 H4 1-19 R3me2s       0.845 
276 L12 H4 1-19 unmod       0.270 
284 L20 H4 1-19 S1P R3me2s     0.774 
294 M6 H4 1-19 K12ac K16ac     0.745 
293 M5 H4 1-19 K8ac K16ac     0.742 
285 L21 H4 1-19 S1P R3me2a     0.616 
287 L23 H4 1-19 R3me2s K5ac     0.569 
290 M2 H4 1-19 R3me2a K8ac     0.426 
286 L22 H4 1-19 S1P K5ac     0.372 
288 L24 H4 1-19 R3me2s K8ac     0.262 
298 M10 H4 1-19 R3me2a K5ac K8ac   0.581 




Loc Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. act. 
350 O14 H2a 1-19 K5ac       0.992 
349 O13 H2a 1-19 S1P       0.990 
351 O15 H2a 1-19 K9ac       0.942 
348 O12 H2a 1-19 unmod       1.000 
354 O18 H2a 1-19 S1P K9ac     1.000 
357 O21 H2a 1-19 K5ac K13ac     0.999 
353 O17 H2a 1-19 S1P K5ac     0.999 
355 O19 H2a 1-19 S1P K13ac     0.995 
358 O22 H2a 1-19 K9ac K13ac     0.992 
356 O20 H2a 1-19 K5ac K9ac     0.991 
359 O23 H2a 1-19 S1P K5ac K9ac   0.975 
361 P1 H2a 1-19 S1P K9ac K13ac   0.634 
360 O24 H2a 1-19 S1P K5ac K13ac   0.606 
363 P3 H2a 1-19 S1P K5ac K9ac K13ac 0.894 	
				
Pep. No.= Peptide number in one replica grid (left or right).  Location= position of peptide on the grid. Mod= 









Pep. Loc Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. act. 
367 P7 H2b 1-19 S14P       0.994 
366 P6 H2b 1-19 K12ac       0.981 
365 P5 H2b 1-19 K5ac       0.944 
368 P8 H2b 1-19 K15ac       0.939 
364 P4 H2b 1-19 unmod       1.000 
371 P11 H2b 1-19 K5ac K15ac     0.899 
370 P10 H2b 1-19 K5ac S14P     0.799 
375 P15 H2b 1-19 K5ac K12ac S14P   0.925 
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Table 4.2. His6X-SDG24.1 histone peptide binding results 
 
H3 peptideseptides 
Pep. No. Loc Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. act. 
241 K1 H3 16-35 K27me2    0.862 
2 A2 H3 1-19 R2me2s    0.744 
242 K2 H3 16-35 K27me3    0.573 
11 A11 H3 1-19 R8me2a    0.451 
12 A12 H3 1-19 R8Citr    0.368 
9 A9 H3 1-19 K4ac    0.299 
7 A7 H3 1-19 K4me2    0.229 
35 B11 H3 1-19 T3P K4me1   0.670 
235 J19 H3 7-26 K14ac R17me2a K18ac  0.263 
217 J1 H3 1-19 R2me2a K4me2 R8me2a K9ac 0.822 
193 I1 H3 1-19 R2me2a K4me2 R8me2a K9me1 0.677 
218 J2 H3 1-19 R2me2a K4me3 R8me2a K9ac 0.622 
169 H1 H3 1-19 R2me2a K4me2 R8me2s K9me2 0.402 
 
H4 peptides 
Pep. No. Location Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. act. 
313 N1 H4 11-30 K20me1    0.968 
314 N2 H4 11-30 K20me2    0.711 
315 N3 H4 11-30 K20me3    0.465 
281 L17 H4 1-19 K8ac    0.444 
306 M18 H4 11-30 unmod    0.435 
307 M19 H4 11-30 K12ac    0.238 
308 M20 H4 11-30 K16ac    0.233 
337 O1 H4 11-30 R19me2s K20me2   0.951 
338 O2 H4 11-30 R19me2s K20me3   0.839 
339 O3 H4 11-30 R19me2s K20ac   0.608 
290 M2 H4 1-19 R3me2a K8ac   0.594 
326 N14 H4 11-30 K16ac K20me3   0.373 
327 N15 H4 11-30 K16ac K20ac   0.360 
325 N13 H4 11-30 K16ac K20me2   0.203 
328 N16 H4 11-30 K12ac K16ac K20me1  0.625 
329 N17 H4 11-30 K12ac K16ac K20me2  0.480 
305 M17 H4 1-19 K5ac K8ac K12ac K16ac 0.521 
304 M16 H4 1-19 R3me2a K5ac K8ac K12ac 0.346 
303 M15 H4 1-19 R3me2s K5ac K8ac K12ac 0.329 
        
H2A peptides 
Pep. No. Location Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. act. 
352 O16 H2a 1-19 K13ac    0.808 
351 O15 H2a 1-19 K9ac    0.522 
350 O14 H2a 1-19 K5ac    0.440 
353 O17 H2a 1-19 S1P K5ac   0.711 
354 O18 H2a 1-19 S1P K9ac   0.606 
361 P1 H2a 1-19 S1P K9ac K13ac  1.000 
362 P2 
 
H2a 1-19 K5ac K9ac K13ac  0.972 
363 P3 H2a 1-19 S1P K5ac K9ac K13ac 0.868 
        
H2B peptides 
Pep. No. Location Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. act. 
375 P15 H2b 1-19 K5ac K12ac S14P  0.817 
376 P16 H2b 1-19 K5ac K12ac K15ac  0.812 
 
Pep. No.= Peptide number in one replica grid (left or right).  Location= position of peptide on the grid. Mod= 








From the outcome of the combinatorial peptide-binding assay we conclude that both 
SDG7 and SDG24 posses –at least– an in vitro capacity to bind to different histone PTMs, 
being those in a single or a grouped manner. From these results we can hypothesize that: (i) 
SDG7 and SDG24 might be able to identify different chromatin scenarios, and (ii) they 
possibly have different histone substrate specificity.  
 
 
4.2.2.2.2 Histone methyltransferase activity of SDG7 and SDG24 in vitro 
Based on the peptide-binding assay we wanted to test the possible methylation activity 
of SDG7 and SDG24.1 on some of the more likely residues of H3 and H4 directly by 
performing HMTase assays. Recombinant His6X-SDG7 and His6X-SDG24.1 were expressed 
in E. coli and incubated with core histones from calf thymus and SAM (Fig. 4.24 A-C). 
Unfortunately, this assay did not identify any relevant activity HMTase activity with the 





































































































































Figure 4.24 Histone methyltransferase assay of SDG7 and SDG24 proteins. (A) Coomassie blue-stained 
SDS-PAGE of purified recombinant proteins His6X-SDG7, His6X-SDG24.1, GST-ATXR6PHD- SET, GST and 
His6X-E2FC used in this assy. GST from pGEX-6P and His6X-E2FC were used as background controls for 
GST and His6X tagged proteins, respectively. GST-ATXR6PHD- SET (Jacob et al., 2009) was employed as a 
positive control for HMTase enzymatic activity. (B) WB analysis using antibodies α-GTS and α-His to detect 
the purified proteins shown in panel A. (C) Coomassie blue-stained SDS-PAGE gel of in vitro methylation 
assay with purified recombinant proteins and calf thymus histones. (D) Western blot analysis of the 




Negative results could be due to unfavorable reaction conditions. Although we 
performed alternative incubation settings, including changes in pH, temperature, incubation 
time, and antibodies from different commercial sources; all of them showed inconclusive 
results (see Materials and Methods details). As a control, the reaction activity of GST-ATXR6 
recombinant protein showed positive methylation of H3K27me1, as expected, although 
without displaying the drastic intensity variation previously described (Jacob et al., 2009). 
Also, in general we observed that histone background was high for all the antibodies tested 
(except for H3K27me2), suggesting that the histone already was significantly modified. 
From the results of HMTase assay we were not able to confirm a methyltransferase 
activity of SDG7 or SDG24.1 towards histone H3 or H4. Nevertheless, we do not discard 
their possible activity as other approaches can be performed to identify alterations of histone 
methylation states, including the use of plant recombinant histones, reconstituted 
nucleosomes, and also a histone PTMs screening by Mass spectrometry in mutant alleles. 
 
 
4.2.3 Phenotypical characterization of sdg7 and sdg24 mutants during development 
Plant organs have to grow to a certain size, and different regulatory mechanisms 
involving intrinsic and environmental cues are required to enable optimal organ development 
(Sparks et al., 2013; Czesnick and Lenhard, 2015). Despite our efforts to associate HMTase 
activity in vitro for both SDG7 and SDG24.1 variant, we evaluated possible growth 
alterations in the mutant lines. As described previously in this work, SDG7 and SDG24 are 
expressed at different developmental stages.  
 
 
4.2.3.1 Aerial plant development is altered in sdg7 and sdg24 mutants 
Arabidopsis is a facultative long day (LD) plant whose flowering is delayed under short 
day (SD) conditions. When SD occurs, vegetative program continued for a longer period, 
thereby changing plant morphology (Jeong and Clark, 2005; Rosas et al., 2014; Cho et al., 
2017). Here, we tested if the sdg7 and sdg24 mutations could interfere with the aerial 
architecture controlled by photoperiod.  
Homozygous plants for sdg7-5 and sdg24-2 single mutants, and sdg7-5, sdg24-2 double 
mutant were grown under LD and SD conditions (Fig. 4.25 A, B). Both sdg7-5 and sdg24-2 
were smaller than the wild type plants (Col-0) especially when grown under SD. This 
phenotype seems to be related with organ size, as the flowering time did not showed 




















On the contrary, in the case of sdg7-5, sdg24-2 double mutant a significant early 
flowering time phenotype was observed in both photoperiods, with a greater difference 
detected at SD, giving to the plant a taller appearance than parental lines. This also suggests 
some genetic interactions between the two mutations. 
We also measured the ploidy levels in rosette leaves (L1-L2 and L3-L4 pairs) and 
cotyledons at 30 dps under LD conditions, but no alteration was observed between the wild 
type and mutant lines (data not shown). Intriguingly, a particular phenotype emerged under 
SD in both sdg7-5 and sdg7-5, sdg24-2 double mutant, such as the formation of secondary 
rosette-like structures, namely aerial rosettes, detectable between the 1st and 2nd stem 
internode (Fig. 4.25 C, D). This phenotype likely associated with the sdg7-5 mutation.  
After plants reached the end of their life cycle, despite plant size phenotype, all mutant 
lines were able to produce high amount of seeds, suggesting that fertility was not 
compromised. 
Figure 4.25. Growth of sdg7 and sdg24 mutant plants. (A) Wild type (Col-0), sdg7-5, sdg24-2 and sdg7-5, 
sdg24-2 double mutant plants grown under long day (LD) or short day (SD) growth conditions, as indicated. 
Images were taken at 45 dps for LD, and 90 dps in SD. (C, D) A secondary rosette phenotype is indicated by 
white arrowheads in the sdg7-5 and sdg7-5, sdg24-2 double mutant. (E-F) Flowering time quantified as the 
number of days to produce flower buds under LD (E) or SD (F) conditions. Error bars indicate the SD. 
Statistical significance between genotypes, (*) P<0.01, was calculated by the ANOVA-Dunnett’s multiple 















































































Col-0 sdg7-5 sdg24-2 sdg7-5, sdg24-2 
A	 B	



















4.2.3.2 Root growth is affected in sdg7 and sdg24 mutants 
Root architecture has implications above the overall plant architecture, nutrient uptake 
and environmental plasticity, which will procure plant survival after different stresses 
(Petricka et al., 2012; Jung and McCouch, 2013). In this work we found that SDG7 and 
SDG24 were expressed in the primary root and during LRP formation, suggesting a possible 
altered root morphology of their mutants. To corroborate this hypothesis, we measured 
primary root growth of mutant lines under LD and SD conditions for several days. Under both 
photoperiods, the primary root of all mutants was significantly smaller than wild type (Fig. 
4.26 A, B, E). A 12-days time-course experiment corroborated alterations in the total root 
elongation of the mutants and wild type, where differences started to visualize at 6 dps under 




















Figure 4.26 Principal root growth in sdg7-5 and sdg24-2 mutants. (A, B) Phenotype of seedlings of wild 
type (Col-0) and mutant lines under LD (A) or SD (B) growth conditions. Scale bars = 2 cm. Images were 
taken after 12 dps. Root growth was measured under LD (C, E) or SD conditions (D, E). Seeds were plated on 
Murashige and Skoog (MS) agar plates and counted for germination at the 3rd day post sowing (dps). 
Measurements were taken between 4-12 dps in cm. (E) Total root length of C and D at 12 dps. ± SD. 
Statistical significance (*) between mutants and WT, p<0.01, was calculated by the ANOVA-Dunnett’s 







































































































Additionally, during observation in LD conditions we perceived a reduction of lateral 
roots (LR) emergence in the sdg7-5 and sdg24-2 mutants (Fig. 4.26 A). We analyzed this by 
measuring LR density and LRP distribution. LR density was calculated by dividing the 
number of LR by the primary root length for each seedling. Mutants showed a reduction of 
LR at 10 dps, but only LR density of sdg24-2 was significant among them (Fig. 4.27 A). To 
determine when the unbalanced LR growth occurred we analyzed the developmental stage of 
LRPs at 6 dps. At this time point, sdg7-5, sdg24-2 single mutants and sdg7-5, sdg24-2 double 
mutant accumulated around 10-15% more of early stages (StI- StIV) than wild type (Fig. 4.27 








4.2.3.3 The root meristem is affected in sdg7 and sdg24 mutants 
After detection of an altered root growth in sdg7 and sdg24 mutants we wondered if an 
abnormal RAM development could be causing this phenotype. To do so, first we quantified 
the number and length of cortical cells, from QC to EZ, considering the end of the meristem 
the first rapidly elongated cell at the TZ (Casamitjana-Martı́nez et al., 2003). Meristem 
analysis confirmed our hypothesis, showing smaller meristem size in the sdg7-5, sdg24-2 
single mutants and in sdg7-5, sdg24-2 double mutant at 6 dps (Fig. 4.28 A, B). This defect 
was caused by the reduced number of cortical cells (Fig. 4.28 C). We also observed that at 
this point sdg7-5, sdg24-2 double mutant does not seem to have an additive effect of RAM 
alterations over the single mutants. 
Figure 4.27. Lateral root development in sdg7-5 
and sdg24-2 mutants. (A) Emerged lateral root 
density in wild type (Col-0) and mutant lines. 
Measurements were taken 10 dps on MS agar plates 
under LD conditions. Lateral root density was 
calculated by dividing the number of lateral roots by 
the primary root length for each seedling (20-27 
seedlings per genotype). The density is reported as the 
number of lateral roots per cm of primary root. ± SD. 
(*) P<0.01, calculated by the ANOVA-Dunnett’s 
multiple comparisons test. (B) Distribution of LRP at 
different stages in 6 dps roots grown under LD. LRP 
states (St) from I to VIII are shown. n=10 roots and 




















































































Within the RAM a closer look at the SCN also revealed cellular alterations in QC and 
columella cells (Fig. 4.29 A, B). Using the specific QC marker, WOX5-GFP, we identified 
the typical two to three QC cells in the wild type within a single focus plane. In contrast, in 
sdg7-5 and sdg24-2 single mutants those cells presented distorted morphologies, including 
larger cell size and a disorganized pattern in 50% of sdg7-5 roots, and 68% for sdg24-2 roots 
(Fig. 4.29 A, B, upper panel). The QC phenotype was usually accompanied by a 
disarrangement of columella cell layers for both mutants, where three neighboring cells were 
present instead of four, bilateral symmetry was displaced, or an unusual cells size between 
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sdg7-5 Col-0 sdg24-2 sdg7-5, sdg24-2 
Figure 4.28. Size of the RAM in sdg7-5 and sdg24-2 mutants. (A) Average size (µm) of root cortical cells 
along the RAM from the QC (position 1) to the elongation zone. (B) Total RAM length distribution. (C) Root 
cortical cell number at the end of RAM. For A, B and C measurements were carried out in 6 dps roots under 
LD of wild type (Col-0) and mutant lines. Error bars (SD) are shown in panels B and C. Statistical significance 
compared with Col-0, (*) P<0.01, was calculated by the ANOVA-Dunnett’s multiple comparisons test, n=10-
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Figure 4.29. Structure of the stem cell niche and columella cells in sdg7-5 and sdg24-2 roots. Confocal 
images of 6 dps roots expressing pWOX5-GFP. Counterstaining of cell walls was done using propidium iodide 
(magenta). In each case, the lower panels show an amplified region of the QC and columella cell layers. 
Arrowheads point to the QC cells. Asterisks (*) denote the 1st and 2nd columella cell layers below the 
columella initials. Scale bars= 20 µm. 
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4.2.3.4 Cell divisions are less coordinated in sdg7 and sdg24 mutants 
The root meristem phenotypes produced by the sdg7-5 and sdg24-2 mutations led us to 
investigate potential alterations in their division capacity. To that end, we monitored cell 
division events in mutant lines crossed with the pCYCB1;1-GFP reporter line (Fig. 4.30). 
Single planes from QC showed that wild type expression of pCYCB1;1-GFP was 
predominantly organized in neighboring cells from the same cell file, while in 	sdg7-5 and 
sdg24-2 expression was confined mainly to several single cells. Maximal projection of images 
from the QC plane to the epidermis showed that in fact less cells were actively cycling, the 
sdg24-2 mutant having the strongest phenotype.  
Together, these results suggest that a shorter RAM could be due to a reduced mitotic 
capacity within the meristematic zone of sdg7-5 and sdg24-2 mutants, an effect that was 





















4.2.3.5. The S-phase progression is altered in sdg7 and sdg24 mutants  
To substantiate the aberrant cell division phenotype in our mutant lines, DNA 
replication was also monitored using a 15 min of EdU pulse treatment. Frist, we confirmed 
that different root cell types (epidermis, cortex, endodermis and stele) were readily labelled 


















pCYCB1:GFP sdg7-5 sdg24-2 
1 2 1 2 1 2 
Figure 4.30. Cell division pattern in sdg7-5 and sdg24-2 root meristems. Confocal images of 6 dps root 
meristems of plants expressing CYCLINB1;1-GFP (pCYCB1-GFP) in the indicated mutant backgrounds. In 
green, dividing cells in G2-M phase of wild type (Col-0) and mutants lines. Counterstaining was done using 
propidium iodide (magenta). Midplane of the RAM at the QC and maximum projection images (QC plane to 
epidermis plane) were generated using the ImajeJ software. Two representative images are displayed for each 
genotype. We analyzed 20/genotype with similar results. Bars = 50 µm.  
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cells, that is, cells that are in S-phase synchronously once they exit the stem cell niche. Thus, 
daughter, granddaughter, and great-granddaughter of the first replicating cell from the QC 
will usually result in neighbouring co-replicating duplets (2), quartets (4) and octets (8) as 
they usually duplicate in pairs. In our analysis we also observed triplets (3) and sextets (6). An 











To determine how the stem cells progeny enters in S-phase, and therefore how the cell 
cycle progresses along the meristem we divided the meristem in 2 zones; the most apical part 
(cells 1-16), and the proximal part (cells 17-30) counted from the QC to EZ in the cortex. To 
compare the co-replicating cell pattern we focused on the apical part, where cell proliferation 
capacity is high. In this area, the wild type presented an accumulation of first stages of co-
replicating cell patterns, singlets and duplets, while mutants showed a more wide distribution, 
between 1, 2, 3, 4 and even 6 co-replicating cells for sdg7-5 mutant, and 1, 2 and 4 
for   sdg24-2 mutant (Fig. 4.31 B).  
 











































Figure 4.31. DNA replication (S-phase) 
pattern in roots of sdg7-5  and sdg24-2 
mutants. (A) Representative confocal images 
of 5 dps primary root meristems of wild type 
(Col-0) and mutant lines, incubated for 15 
min with EdU. In green, EdU-labelled S-
phase cells. Yellow lines denote examples of 
neighbouring replicating cells undergoing 
synchronously the S-phase: singlets (1), 
duplets (2), triplets (3), quartets (4) and 
sextets (6). For counting, meristem was 
divided in two zones: apical (1-16 cells) and 
proximal (16-30). Arrowheads denote the 
position of cell 16th. Counterstaining was 
done with DAPI (magenta). Scale bars= 50 
µm. (B) Histogram representing the number 
of neighbouring replicating cells (%) in the 




This experiment showed that in both sdg7-5 and sdg24-2 mutants there are more cells 
within the proliferative domain of the RAM replicating DNA, suggesting a direct influence in 
the root meristem length. 
 
4.2.3.6 rDNA and rRNA patterns are altered in sdg7 and sdg24 mutants 
In Arabidopsis, the 45S ribosomal gene clusters (NORs) are located at the tip of the 
short arms of chromosomes 2 and 4 (NOR2 and NOR4) (Pontvianne et al., 2010; Abou-Ellail 
et al., 2011). In Arabidopsis Col-0, four rDNA variants can be found (VAR1-4). During 
vegetative growth, variants included in the NOR4 (VAR2, a subset of VAR3 and VAR4) are 
actively transcribed (rRNA), while variants located within the NOR2 (VAR 1, and the rest of 
VAR3) will be silenced (Chandrasekhara et al., 2016; Rabanal et al., 2017). This gene dosage 
control is a system that operates to regulate the number of active rRNA genes according to the 
physiological needs of the cell (Pikaard, 2003). Chromatin modifications are directly linked to 
the control of gene activation by generating ON and OFF states in which transcription can 
proceed (Sequeira-Mendes et al., 2014). 
Recent studies have related alterations of rDNA expression due to the defective 
chromatin modifiers including, among others, HDA6, CHROMATIN ASSEMBLY 
FACTOR-1 (CAF-1) and the H3K27me1 methyltransferases ATXR5 and ATXR6 
(Pontvianne et al., 2010; Pontvianne et al., 2012; Havlova et al., 2016). Taking into account 
the nuclear expression of SDG7, the nucleolar pattern of SDG24, their capacity for histone 
binding, and their role in affecting cell proliferation potential, we consider the possibility of 
finding rDNA defects in sdg7 and sdg24 mutants. To do so, we first characterized rDNA gene 
variants by using genomic DNA from rosette leaves and primers amplifying the 3′ ETS 
sequence (see Materials and Methods for details). We also included several internal controls, 
such as the wild type (Col-0) and the atxr5/6 mutant (Fig. 4.32) (Jacob et al., 2009).  
Products of semi-quantitative PCR (sqPCR) detected three variants in the wild type: 
VAR1, VAR2 and VAR3, typically distributed in a ratio of 50-30-20, respectively (Fig. 4.32 
A, B). In the case of atxr5/6 mutant, we confirmed that VAR1 was almost the only rDNA 
variant maintained in the genome (> 80%) as previously described (Pontvianne et al., 2012). 
The observed pattern in sdg7-5, sdg7-4 and sdg24-1 was similar to the wild type, with an 
increased representation of VAR2 (∼20% for sdg7-5, and ∼10% for sdg7-4 and sdg24-1). A 
more striking phenotype was observed in the sdg24-2 mutant, where VAR1 was almost 
indistinguishable, and VAR2 contributes over 70% of the rDNA pattern. A similar phenotype 
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was observed in the sdg7-5, sdg24-2 double mutant, suggesting that sdg24-2 mutation is 


















The diminished amplification signal of 3′ ETS variants could be directly related to the 
rDNA gene copy number at NORs (Pontvianne et al., 2013). For this reason we amplified 
products of a region within the 18S gene by sqPCR (Fig. 4.32 A) and estimated the total 
rDNA copies (in collaboration with Martina Dvořáčková and Jiřı́ Fajkus at the Mendel Centre 
for Plant Genomics and Proteomics, Brno-Czech Republic) (Fig. 4.32 C). In both approaches, 
the sdg24-2 mutant and sdg7-5, sdg24-2 double mutant presented a decreased amplification 
Figure 4.32. rDNA patterns in sdg7 and sdg24 mutants. Semi-quantitative PCR detection of rDNA variants 
in genomic DNA purified from 14 dps rosette leaves of wild type (Col-0) and atxr5/6, sdg7-5, sdg7-4, sdg24-
1, sdg24-2 and sdg7-5/sdg24-2 mutant lines. Different numbers of PCR cycles were performed with all primer 
pairs and the products were resolved by agarose gel electrophoresis. The 18S and 5S were used as multi-copy 
gene amplification controls, and those of CDT1a and ACT2, as single-copy gene control. Molecular size of the 
amplified products of 3’ETS Variant 1, 2 and 3 were: ∼460 bp, 430 bp and 410 bp, respectively; for 18S and 
5S: ∼400 bp; for CDT1a: 150 bp, and for ACT2 ∼80 bp. (B-C) Relative rDNA variant content in sdg7 and 
sdg24 mutants. (B) Relative rDNA patterns measured by quantifying the band intensity of the 3’ ETS 
products. 16 PCR cycles were used and the images were analyzed with the IMAGE-J software. Histogram bars 
depict variant 1 (VAR1), 2 and 3 in black, blue and magenta, respectively. Normalization was made by 
dividing individual band intensity by the sum of total variant intensities in each genotype. (C) qPCR analysis 
of total relative rDNA copy number in wild type and mutant lines. The 2-ΔΔCT method was used, with UBQ as 
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pattern, being more evident by qPCR, where sdg24-2 rDNA copies were estimated to be 
<60% less than the wild type. Interestingly, we also observed a slight increase of rDNA 
copies in the sdg7-5 mutant. This result might be attributed to a real increase of rDNA copies, 
although no variation was observed by sqPCR (Fig. 4.32 A).  
Next, we considerer if the number variation was a NOR specific phenomenon or could 
also occur in other genomic regions, such as the 5S genes, which are located in other 
chromosomic locations (Cloix et al., 2000). sqPCR analysis of 5S genes and other loci, 
including CDT1a and ACT2, showed no visible variations (Fig. 4.32 A). These results 
reinforced the conclusion that the sdg24-2 mutation causes a loss of rDNA gene copies, 
preferentially of the loci located at the NOR2.  
rDNA analysis in sdg7 and sdg24 mutants revealed a first step of gene dosage control, 
where rDNA copies, detected by 3′ETS variants, are already unbalanced. We hypothesized 
that rRNA expression pattern may also show alterations in the mutants. To answer this, we 
analyzed rRNA expression patterns in cDNA from 2-weeks-old rosette leaves. As expected, 
the wild type revealed that VAR1 was silenced, while VAR2 and VAR3 (of the NOR4) were 
expressed (Fig. 4.33 A, B). Additionally, we confirmed that in the atxr5/6 mutant VAR1 had 
the major contribution to the rDNA expression pattern (Pontvianne et al., 2012). In the case of 
sdg7-5, sdg7-4 and sdg24-1 mutants, VAR1 was silenced as in the wild type, but VAR2 
expression was increased over 20% compared to the wild type, and VAR3 was highly 
reduced. Interestingly, in the case of the sdg24-2 and sdg7-5, sdg24-2 double mutant, the 
rRNA expression pattern was very similar to the wild type. In addition to the three major 
variants analyzed, a fourth variant, VAR4, located between VAR1 and VAR2 products, in our 
experiments was usually faint, and in all cases, it did not showed major differences (Fig. 
4.33).  
In normal conditions silenced and active rDNA copies can be distinguished 
microscopically. The inactive rDNA clusters are organized in condensed foci outside the 
nucleolus, while the transcriptionally active parts are in a more decondensed state, with 
several small foci or uniform patterning within the nucleolus (Dvorackova et al., 2015). With 
the previous results, we speculated that sdg24-2 would contain fewer foci around the 
nucleolus, as the inactive copies have been dramatically reduced. To test this hypothesis, a 
fluorescent in situ hybridization (FISH) analysis of rDNA was carried out in collaboration 
with the Fajkus laboratory. The nuclei from wild type roots showed the typical pattern 
described above, where two brighter rDNA foci were observed at the periphery of the 








































Figure 4.33. Expression pattern of rRNA 
variants in sdg7 and sdg24 mutants. (A) 
Semi-quantitative PCR detection of rRNA 
variants in reverse transcribed (RT+) cDNA 
purified from 14 dps rosette leaves of wild 
type (Col-0) and mutant lines. Different 
number of PCR cycles were performed with 
all primer pairs, and the products were 
resolved by agarose gel electrophoresis. 
ACT2 served as positive control. Reactions 
lacking reverse transcriptase (RT-) served as 
negative controls. (B) Relative rRNA 
expression was quantified by measuring band 
intensities of 3′ETS variants with the 
IMAGE-J software (reactions carried out for 
30 PCR cycles). Colored bars depict variant 1 
(VAR1), 2, 3 and 4 in black, blue, magenta 
and green, respectively. Normalization was 
made by dividing individual band intensity 




Figure 4.34.  Analysis of 45S rDNA in sdg7 and sdg24 
mutants by fluorescent in situ hybridization (Ikura et 
al.). Nuclei from the root tip of the wild type (Col-0) and 
mutant lines were hybridised with a 45S rDNA probe 
(green) and counterstained with DAPI (magenta). rDNA 
channel is presented apart in grey where the nuclear area 
is delimited. Two confocal images are shown per 














































































































































































This analysis also included the sdg7-5 mutant, which was resembled to the wild type, 
although with smaller rDNA foci surrounding the nucleolar area and some decondensation 
inside the nucleolus. Interestingly, the sdg24-2 nuclei presented a different scenario, where 
most of the rDNA signal colocalized inside the nucleolus in a more decondensed manner. 
Similarly, the sdg7/sdg24-2 mutant presented a comparable pattern with sdg24-2. With this 
approach we confirm our initial data obtained for sdg24-2, where in fact there is a loss of 
inactive rDNA variants, and the remaining active copies are inside the nucleolus. However, 
the presence of more foci around the nucleoli and decondensation in the case of sdg7-5 it 
might indicate in fact more rDNA copies. 
Since rDNA expression might vary according to the plant developmental stage 
(Pontvianne et al., 2010), we also addressed the rDNA and rRNA patterns in different tissues 
of the plant, including: seeds, roots, cotyledons, vegetative SAM and flowers (Fig. 4.35). At 
the DNA level all tissues were very similar between them, as was described above in the 
rDNA analysis for sdg7 and sdg24 mutants (Fig. 4.35, left panels). However we found some 
interesting variations at the expression level when compared to the wild type, in particular 
during early vegetative development, e.g. imbibed seeds (Fig. 4.35, middle panels). As 
expected, in the wild type all variants were expressed in the 24 hour imbibed seeds 
(Pontvianne et al., 2010), however the sdg7-4, sdg7-5 and sdg24-1 mutants showed an 
increased expression of VAR1 and VAR2 compared to the wild type. Interestingly, 
the  sdg24-2 and the sdg7-5, sdg24-2 double mutant did also show some VAR1 expression, 
while the VAR2 was highly expressed. These results might indicate an altered expression 
mechanism in the sdg7 and sdg24 mutants at early stages of development. 
In general, our rDNA analysis showed that sdg7 and sdg24 mutations produced 
alterations in the rDNA expression pattern. In particular, the lost of rDNA gene copies in the 
sdg24-2 mutant seem to be altering the entire NOR2, as VAR1 associated to this region is the 
most affected. Interestingly, rRNA analysis in sdg24-2 showed that the loss of inactive 
variants is compensated with the continuous expression of active variants (VAR2 and VAR3) 
from early stages of development, e.g. seeds, since VAR1 was not expressed. Taken together 
these results, we suggest that both SDG7 and SDG24 are involved in controlling rDNA copies 






































4.2.3.7 Transgenerational maintenance of the rDNA pattern in sdg7 and sdg24 mutants 
After characterizing rDNA variations in the sdg7 and sdg24 mutants, we asked for the 
transgenerational maintenance of the pattern observed. To address this question we 
backcrossed sdg7-5 and sdg24-2 mutants with the wild type and analyzed the 3′ETS variant 
distribution in 2 weeks-old rosette leaves (Fig. 4.36). Already since generation 1 (F1), 
heterozygous plants displayed unbalanced distributions of variants in both mutants, 
establishing the typical rDNA pattern at the F3 (second homozygous generation) for sdg7-5, 
and at F2 (first homozygous generation) for sdg24-2. This points to early mechanisms 
interfering with the normal maintenance of the rDNA reservoir.  
Figure 4.35 rDNA variants and rRNA expression patterns in different developmental stages of 
Arabidopsis. Analysis of rDNA variants and rRNA expression in wild type (Col-0) and mutant lines from 
different Arabidopsis tissues. Extractions were carried out from 14 dps rosette leaves (R. leaves), full 
developed flower buds, 7 dps cotyledons, 7 dps vegetative SAM (aerial part except cotyledons, Aerial p- Cot), 
7 dps root tips (0.5 cm), and seeds imbibed 24 h in H2O. PCR cycles were applied (25 and 30) for 3′ ETS 
primers in rDNA and rRNA (RT+ and RT-), respectively. ACT2 was used as positive control, with 30 cycles 











































































































































































































































We also tested if the rDNA pattern changed in nuclei of different ploidy levels (Fig. 4.37). 
To do so, we FACS-sorted nuclei from 3 weeks-old rosette leaves and extracted gDNA from 
cell populations containing 2C, 4C, 8C and 16C. Results from sqPCR analysis of 3′ETS 
showed that all cell populations shared the same rDNA pattern observed previously for Col-0, 
atxr5/6, and for the mutants sdg7-5 and sdg24-2, indicating that the rDNA pattern is 









4.2.3.8 Telomere length in sdg7 and sdg24 mutants 
The rDNA repeats of NOR2 and NOR4 are capped by telomere repeats that are added 
directly to rDNA gene sequences (Copenhaver and Pikaard, 1996). In mutants of some 
chromatin remodelers, e.g. CAF-1 (fas1 and fas2), loss of rDNA copies was also 
accompanied by a decreased in telomere repeated sequences (Mozgova et al., 2010). From 
our previous results of rDNA copy loss in the sdg24-2 mutant, we evaluated the possibility of 
an altered telomere size in this line, again in collaboration with the Fajkus laboratory. 
Telomere length was measured by a terminal restriction fragment analysis (TRF) on genomic 


























































atxr5/6 sdg24-2 sdg7-5 
Figure 4.37 Pattern of rDNA variants in nuclei with different ploidy levels. rDNA pattern analysis of 
FACS-sorted nuclei with different ploidy levels (2C, 4C, 8C and 16C). wild type (Col-0) and mutant lines 
atxr5/6, sdg24-2 and sdg7-5 were analyzed. Genomic DNA was isolated and quantified with a Qubit 
fluorimeter. Equal amounts of DNA were used as substrate for PCR amplification using 3′ ETS primers and 30 
cycles. 
Figure 4.36. Pattern of rDNA variants in 
different successive generations of sdg7 and 
sdg24 mutants. rDNA pattern analysis in back-
crossed sdg7-5 and sdg24-2 mutants lines with 
wild type (Col-0). Genotyping of each mutation 
was performed in heterozygous generation 1 
(F1-HT) and homozygous (HM) F2, F3 and 
Fn+1. Genomic DNA was extracted from 14 dps 
rosette leaves. PCR cycles (25 and 30) were 
performed for 3′ ETS and ACT2, respectively. 
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type Col-0 (lines 1-3), and the mutants sdg7-5 (lines 7-9) and atxr5/6 (lines 13-15), showed 
that telomeres ranged in size from 2 to 4 kb, indicating that no significant changes in telomere 
length occurred. However, telomere length of sdg24-2 mutant was shorter, spanning from 1.5 
to 3.5 kb (lines 10-12). Some telomere shortening was also observed for sdg7-5, sdg24-2 
double mutant (lines 4-6), although not as clear as in sdg24-2. Together these results suggest 
that in addition to rDNA copy loss, sdg24-2 mutant also possesses shorter telomeres, may be 


















4.2.3.9 DNA damage response in sdg7 and sdg24 is not dramatically altered 
As a consequence a decreased rDNA gene copy number in sdg24-2 mutant we 
wondered if DNA damage response was altered as it occurred in the atxr5/6 mutant (Feng et 
al., 2017). By measuring the expression level of BREAST CANCER SUSCEPTIBILITY-1 
(BRCA1), POLY (ADP-RIBOSE) POLYMERASE-1 (PARP1) and the DNA-dependent 
ATPase RAD51 we can detect if DNA repair pathways are activated. BRCA1 and RAD51 are 
particularly involved in double-strand break (DSBs) repair by the homologous recombination 
(HR) pathway, and changes in their expression levels are indicative of DNA damage 
occurrence (Fig. 4.39) (West et al., 2004; Seeliger et al., 2012; Song et al., 2015). We used 
the atxr5/6 mutant as positive control since, its heterochromatic overreplication phenotype 
leads to a high expression of these checkpoint genes (Feng et al., 2017). qPCR analysis in 
sdg7-5, sdg24-2 and sdg7-5, sdg24-2 double mutant showed that BRCA1 and RAD51 had a 
lightly increased expression compared to the wild type, but not comparable to the fold change 
observed in atxr5/6.  
Together, with these results we speculate different scenarios. One would be that the 
DNA damage response is not altered in sdg7-5 and sdg24-2 mutants due to DSBs, and 
Figure 4.38.  Telomere length in sdg7 and sdg24 
mutants. Genomic DNA of the wild type (Col-0) 
and mutant lines were subjected to a terminal 
restriction fragment analysis (TRF). Products were 
detected by using the telomeric TR4C end-labelled 
with [γ-32P]ATP. Molecular markers (kb) are shown 
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changes in rDNA copy number might result from an alternative mechanism of HR. Other 
possibility could involve DSB response acting in a constricted area, localized perhaps only at 
the NORs; or by the contrary, expression of RAD51 and BRCA1 at this levels, could indicate 
















4.2.3.10 Nucleolar dominance of sdg7 and sdg24 with other lysine methyltransferases  
One manifestation of gene dosage control in hybrids is nucleolar dominance, an 
epigenetic phenomenon in which rDNA genes of one progenitor are repressed (Tucker et al., 
2010). In Arabidopsis an analogous nucleolar dominance-like phenomenon also occurs in 
non-hybrids, in which specific classes of rDNA gene variants are selectively inactivated 
during early vegetative development (Pontvianne et al., 2012). This phenomenon can be 
observed in the atxr5/6 double mutant, where VAR1, instead of VAR2-3, is the active variant 
(Pontvianne et al., 2012). Moreover, a cross amongst different HMTase mutants, including 
the quintuple mutant atxr5/6, suvh4/5/6 (SUVH4-5; H3K9me1 HMTases), induces wild type-
like arrangements of rDNA and rRNA expression (Pontvianne et al., 2012). This indicates 
that altering different histone marks creates different nucleolar expression scenarios. In the 
present work we also spotted this phenomenon in the sdg7-5, sdg24-2 double mutant, where 
the sdg24-2 mutation was dominant over sdg7-5, letting us to speculate that sdg24-2 could 
interfere with other HMTases to regulate rDNA maintenance. 
Based on the peptide-binding assay results, where we found that both SDG7 and 
SDG24.1 had some preferential recognition for H3K27 marks, and that ATXR5/6 (the 
HMTase that deposits H3K27me1) have an altered rDNA pattern of the VAR1, we speculated 
for a possible interaction between them. Therefore, we generated the triple mutants atxr5/6, 
sdg7-5 and atxr5/6, sdg24-2, in both cases atxr5/6 acting as the maternal donor. In our first 






























Figure 4.39. Expression of DNA damage response 
genes in sdg7-5 and sdg24-2 mutants. qPCR analysis 
of BRCA1, PARP1 and RAD51 genes in various 
genotypes. The relative expression of these marker 
genes in wild type (Col-0) and mutant lines was 
obtained by measuring the fold change (2-ΔΔCT 
method) in 14 dps rosette leaves. Error bars 
correspond to the SD between technical replicates. 
GADPH2 served as gene reference. Root tips were 






plants had an apparent retarded growth and less fruit production, compared to the wild type 
and parental lines (Fig. 4.40 A, B). Remarkably, roots from the atxr5/6, sdg24-2 triple mutant 




















Next, we determined whether the sdg7-5 or sdg24-2 mutations could alter the rDNA 
pattern of atxr5/6. Analysis of atxr5/6, sdg7-5 triple mutant showed a clear atxr5/6 pattern, 
where VAR1 remains more abundant than VAR2 and VAR3 (Fig. 4.40 D, left side of the 
panel). On the contrary, the atxr5/6, sdg24-2 triple mutant (right side of the panel) displayed 
the typical sdg24-2 phenotype, where VAR1 was almost undetectable. These results reveal 
that the sdg24-2 mutation may act upstream of atxr5/6. Interestingly, dominant patterns of 
atxr5/6 over sdg7-5, and sdg24-2 over atxr5/6 were already visualized in different 
Figure 4.40. Interaction of SDG7 and SDG24 with the ATXR5/6 H3K27me1 HMTases. Growth 
phenotype of the atxr5/6, sdg7-5 (A) and atxr5/6, sdg24-2 (B) triple mutant plants in 6 weeks-old plants from 
wild type (Col-0) and mutant lines grown under LD conditions. (C) Root growth of the triple mutants atxr5/6, 
sdg7-5, and atxr5/6, sdg24-2, and their respective parental lines. Arrowheads point to lateral roots. Scale bar = 
2 cm. (D) Relative abundance of rDNA variants in atxr5/6, sdg7-5 and atxr5/6, sdg24-2 triple mutants. 
Genomic DNA from 21 dps rosette leaves was used as template to measure rDNA copies. The 5S panel shows 
that equal amounts of DNA were subjected to PCR for each genotype. 16 and 20 PCR cycles were used to 
identify the 3’ETS and 5S regions, respectively. Analysis of triple mutants was conducted with plants of the 
F2 homozygous generation, using the atxr5/6 double mutant as maternal donor. 
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homozygous-heterozygous segregating lines of the parental lines (not shown). We also 
noticed that sdg24-2 imprinted a dominant pattern despite its parental contribution, mother o 
father, as the same rDNA phenotypic display was established when sdg24-2 was used in the 
sdg7-5, sdg24-2 double mutant and in the atxr5/6, sdg24-2 triple mutant. 
Our findings suggest that SDG24 activity is controlling the stability of NORs, possibly 
by interacting with the silencing mark H3K27me1 at the NOR2 mediated by ATXR5/6 
proteins, and resulting in the lost of inactive rDNA copies of NOR2. Also, the unaffected 
atxr5/6 pattern by the sdg7-5 mutation suggests that SDG7 activity is downstream of SDG24 
and ATXR5/6. Together these results led us to hypothesize that SDG24 might regulate 








































































5.1 SDG7: a nuclear and cytoplasmic protein  
The cellular approach undertaken in this study has shown that SDG7 protein possesses a 
nuclear and cytoplasmic localization in root cells. Our findings are in agreements with the 
presence of putative NLS signals identified with several bioinformatic tools, including the 
cNLS Mapper, seqNLS and NLStradamus. This is in contrast with previous studies reporting 
the absence of any NLS signals along the SDG7 sequence (Sahr et al., 2010; Lee et al., 2015), 
where predictions were made with alternative software (WoLF PSORT, TargetP, Predotar and 
NucPred). Based on this information, results published by Sahr et al. (2010), using the CaMV 
35S promoter sequence driving SDG7 expression, concluded that SDG7 localized to the 
membranes of root epidermal cells, in the elongation-differentiation zone. In contrast, we 
used a ∼2 kb upstream the start codon of SDG7 as the endogenous promoter region. It is 
known that promoters regulate gene expression through DNA recognition sequences, which 
interact with basic transcription initiation complexes and numerous transcription factors 
(Hernandez-Garcia and Finer, 2014). Gene expression in plants have shown that the majority 
of elements necessary for an important regulation of expression lie immediately upstream of 
the transcriptional initiation site (TSS), usually within 1-2 kb region (Hernandez-Garcia and 
Finer, 2014). Although the use of constitutive promoters had been widely implemented in 
plant research, they may provide ectopic gene expression in transgenic plants that might not 
reflect truthfully protein localization under normal conditions (Dutt et al., 2014). Thus it is 
possible that the use of different promoters and perhaps different protein expression levels are 
responsible for the differences observed.  
Our results reinforce the notion that some available bioinformatic tools and algorithms 
might be more robust than others in predicting the subcellular localization of proteins. In 
addition, we noticed that optimal confocal microscopic conditions could be a limiting factor 
regarding in vivo localization of proteins with a low expression level, as this was a key factor 
to discern SDG7 inside the nuclei.  
 
 
5.2 Alternative splicing of SDG24 results in different expression patterns 
At the start of this project SDG24 was a not predicted to produce alternatively spliced 
variants. However our initial transcriptional analysis confirmed the presence of several 
transcripts coexisting in flowers. When the Arabidopsis Information Portal (araport.org) was 
updated, SDG24.1 and SDG24.2 (AT3G59960.2 and AT3G59960.1, respectively) were 
reported as the main transcript contributors of four different versions, but no reference was 
found for the SDG24.3 and SDG24.4 variants described in this work. Interestingly, the two 
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other splicing variants presented in Araport (AT3G59960.3 and AT3G59960.4) were similar to 
the SDG24.1 coding sequence, but differed in their 3′ untranscribed region (Fig. 5.1). 
Alternative splicing in genes occurs through various mechanisms (Nilsen and Graveley, 
2010). From our results, it seems that in SDG24 some of them are employed, including 
















As mentioned earlier, the majority of elements that modulate gene expression lie within 
the 5′ region upstream of the TSS (Hernandez-Garcia and Finer, 2014); however, in some 
cases these regulatory signals may be located within introns or at the 3′UTR (Larkin et al., 
1993; Raatz et al., 2011; Serrano-Mislata et al., 2016).  Alternative splicing in non-translated 
regions can have an impact on protein expression levels and localization, while in coding 
regions it may alter protein structure and function, and even lead to the production of proteins 
with unrelated functions (Ng et al., 2007; Hernandez-Garcia and Finer, 2014). For example, 
the Drosophila SET domain Su(var)3-9 gene can express two distinct transcripts (2.4 kb and 
2.0 kb) encoding two different proteins that share identity only for the first 80 amino acids: 















mRNA alternative protein 
SDG24 
AltA, AltD  
ExonS 
ExonS, AltA, AltD 
ExonS 
AltA, AltD 
AltA, AltD, ExonS 
mRNA variants 
Figure 5.1. Alternative splicing patterns. (A) SDG24 mRNA splicing variants encode different ORF. At the 
left side of each diagram are described types of splicing in SDG24 mRNA transcripts. Yellow boxes: 
translated region; Green musk: untranslated region. Black line: intronic sequences. (B) Model of alternative 
splicing patterns. The left side of the diagram shows normal and five major alternative splicing patterns for a 
representative gene containing three exons (black, green musk and grey boxes, respectively). Pink, blue and 
pale green boxes denote alternative exonic sequences. The edited exons after splicing are shown to the right. 
NormalS, normal splicing; AltA, alternative acceptor (3’ side of introns), AltS, alternative donor (5’ side of 
introns); AltP, alternative positions (both 5′ and 3′ side of introns); IntronR, intron retention; ExonS, exon 




encodes the γ subunit of eukaryotic TRANSLATION INITIATION FACTOR-2 (γeIF2) 
(Krauss and Reuter, 2000). The presence of several SDG24 variants, including one of them 
with an altered SET domain, supports the hypothesis of different proteins with diverse 
functions being produced from the SDG24 gene. 
In Arabidopsis, alternative splicing of SET domain coding sequences is a common 
feature. The updated version of Araport reveals that >60% of them show some form of 
alternative splicing (Table 5.1). This proportion is substantially higher than the average 
fraction (42%) for Arabidopsis genes (Filichkin et al., 2010), and suggests that alternative 
splicing is important in generating SET domain protein complexity and functionality. For 
instance, an intron located in the 5′UTR of SUVH3 regulates both constitutive and high levels 
of expression (Casas-Mollano et al., 2006), while alternative splicing in SUVR1 and SUVR4 
generated proteins with different subcelular localization, in nucleus and nucleolus (Table 5.1) 
(Thorstensen et al., 2011).  
In this work we found that SDG24.1 was particularly expressed in nucleoli from root 
cells, which utterly led us to identify a role of SDG24 in the rDNA maintenance. 
Interestingly, a recent study in Brassica rapa, a close relative of Arabidopsis, its SDG24 
homologue, the BrASHH4a, exhibited a location in both the nucleus and cytoplasm of root 
cells (Dong et al., 2015), which could imply a partial functional homology between this two 
related species.  
Expression of alternatively spliced transcripts can be also tissue specific (Hernandez-
Garcia and Finer, 2014). Splicing in SDG24 resulted in different spatial expression patterns, 
being the SDG24.1 specifically expressed in root cells, and to the nucleus of the central cell in 
the mature embryo sac. Interestingly, two Arabidopsis E(Z) homologs, SWN and MEA, 
required for the maintenance of H3K27me3 levels, are also expressed in the central cell, and 
together perform a partially redundant role in controlling the initiation of endosperm 
development before fertilization in Arabidopsis (Wang et al., 2006). Expression of SDG24 at 
this particular cell, prior pollination, might control molecular events related to the maturation 













Table 5.1. Splicing variants in Arabidopsis SET domain proteins 
 
 
 5.3 SDG7 and SDG24 might recognize different chromatin scenarios 
SDG7/ASHH3 and SDG24/ASHH4 are classified as Arabidopsis class II SET domain 
group proteins, based on their overall structure resemblance to Drosophila ASH1. In our 
search for H4K20 HMTases, we investigated whether loss of SDG7 and SDG24 affected the 
H4K20me3 mark by Western blot. However, none of the tested mutants resulted in 








MEA SDG5 2 AltD: Alternative stops 
Nucleus and cytoplasm 
(central cell of ovule) Wang et al., 2006 
CLF SDG1 2 ExonS: Alternative starts 
Nuclear 
Absent in in mitosis Schubert et al., 2006 
SWN SDG10 4 IntronR, AltD: Alternative exons at 3´ 
Nuclear (central cell of 
ovules, trichomes, root, LR) Wang et al., 2006 
II- ASH1 
ASHH1 SDG26 4 IntronR: Alternative 5´UTR 
Nuclear 
 Xu et al., 2008 
ASHH2/ 
ESF SDG8 2 
IntronR, ExonS: 
Alternative exons at 3´ Nuclear Xu et al., 2008 
ASHR3 SDG4 None described --- Nuclear (euchromatin) Thorstensen et al., 2008 
ASHH3 SDG7 None described --- ER Nuclear 
Sahr et al., 2010 
This Work  
ASHH4 SDG24 6 








ATX1 SDG27 None described None described Nuclear Saleh et al., 2007 
ATX2 SDG30 4 IntronR: Alternative 3´UTR Inferred nuclear pattern  
ATX3 SDG14 2 IntronR: Alternative exons at 3´ Inferred nuclear pattern  
ATX4 SDG16 None described --- Inferred nuclear pattern  
ATX5 SDG29 None described --- Inferred nuclear pattern  
ATXR3 SDG2 None described --- Inferred nuclear pattern  
ATXR7 SDG25 8 IntronR, ExonS: Alternative 5´- 3´ UTR Nuclear Berr et al., 2009 
IV- ATXR5 SDG15 2 3´UTR 
Nuclear 
Chloroplast Raynaud et al., 2006 
ATXR6 SDG34 None described --- Nuclear Raynaud et al., 2006 
V-  
SU(VAR) 3-9 
SUVH1 SDG32 2 AltD: Alternative 3´UTR Nuclear /Subnuclear foci Naumann et al., 2005 
SUVH2 SDG3 4 ExonS: Alternative 5´UTR Nuclear /Subnuclear foci Naumann et al., 2005 
SUVH3 SDG19 None described --- Nuclear /Subnuclear foci Mitotic chromosomes Casas-Mollano et al., 2006 
SUVH4/ 
KYP SDG33 2 
IntronR: 
Alternative starts Nuclear Yu et al., 2017 
SUVH5 SDG9 5 
IntronR: 
Alternative 5´ UTR,  
Alternative starts 
Nuclear Yu et al., 2017 
SUVH6 SDG23 2 AltD, ExonS: Alternative 5´-3´UTR Nuclear Yu et al., 2017 
SUVH7 SDG17 None described --- ---  
SUVH8 SDG21 None described --- ---  
SUVH9 SDG22 2 IntronR, AltD: Alternative 5´-3´UTR   
SUVH10 SDG11 None described --- ---  
SUVR1 SDG13 3 
ExonS, IntronR: 




Thorstensen et al., 2006 
Han et al., 2014 
SUVR2 SDG18 17 
AltD, AltA, IntronR: 
Alternative 3´UTR 
Alternative start  
Alternative exons 
Nuclear (foci) Thorstensen et al., 2006 Han et al., 2014 
SUVR3 SDG20 2 
AltD, AltA 
Alternative 5´-3´UTR  
Alternative exons 
Inferred nuclear pattern Ng et al., 2007 
SUVR4 SDG31 6 
AltD, IntronR: 
Alternative 5´-3´ UTR,  
Alternative start, stop  
Nucleolar Thorstensen et al., 2006 




Nuclear Krichevsky et al., 2007 
 
AltD; Alternative starts: different Star codon; alternative stops: different stop codons. AltA: alternative 




modification of this mark, although we observed a high lack of specificity of antibodies to 
detect both H4K20me1 and H4K20me3 marks. In addition, we considered alternative histone 
residues as substrates for both proteins; however, the in vitro HMTase assay did not show 
alteration of H4K20 and others marks, including H3K27me1/me2/me3, H3K4me2/me3, 
H3K9me2/me3 and H3K36me3. Interestingly, during the course of this project, similar 
negative results were obtained for SDG7 by Lee et al. (2015), in which they tested the in vitro 
activity with the incorporation of 14C-labeled SAM into oligonucleosomes, 
mononucleosomes, and free histones. Despite these negative results, SDG7 was found to be 
required for proper induction of the VERNALIZATION INSENSITIVE 3 (VIN3), a cold-
specific PRC2 component. A common feature of the Lee et al. study and our work is that the 
expression of SDG7 was done in a prokaryotic system. It is possible that some PTMs in the 
protein are needed in order to display enzymatic activity. For instance this is the case of 
SUVR4 protein, in which the binding to ubiquitin facilitates the addition of two methyl 
groups to the H3K9me1 (Veiseth et al., 2011; Rahman et al., 2014). 
The collective negative results of SDG7 on its methyltransferase activity on histones are 
particularly intriguing, as this protein was initially described to posses methyltransferase 
activity on the C-terminal side of the PIP2;1 protein, an Arabidopsis aquaporin of  the plasma 
membrane (Sahr et al., 2010). Other HMTs, including G9A (H3K9), PR-SET7/SETD8 
(H4K20) and SUV4-20H (H4K20), have been reported to target non-histone proteins (Ying et 
al., 1996; Herz et al., 2013; Milite et al., 2016; Weirich et al., 2016). In particular, the 
Arabidopsis SUVH2/SUVH9 SET domain proteins lack in vitro HMTase activity, but can 
bind methylated DNA (cytosines) through their SET and RING-associated (SAR) domains. 
Together, SUVH2/SUVH9 mediate Pol V recruitment in RNA-directed DNA methylation 
pathway (RdDM), and play an important role in the recruitment of chromatin-remodeling 
SWI/SNF complex to target loci by associating with the Microrchidia (MORC) adenosine 
triphosphatase proteins (Kuhlmann and Mette, 2012; Liu et al., 2016; Jing et al., 2016). A 
similar mechanism may be used by SDG7 to impinge on rDNA stability and –or– expression.  
Some SET domain-containing proteins are found in complexes or interacting with 
proteins that regulate their target specificity and catalysis (Herz et al., 2013). In Arabidopsis, 
yeast two hybrid assays have demonstrated also interactions between ASHH1/ASHH2 and 
ASHH1/ATX1 proteins (Valencia-Morales et al., 2012). Interestingly, ATX1 has been shown 
to be required for H3K4me3 deposition at the AGAMOUS (AG) chromatin and to physically 
interact with the CLF protein (Saleh et al., 2007). We could speculate some interaction 
between SDG7 and SDG24 at specific flowering loci, as the double mutant sdg7-5, sdg24-2 
displayed an early flowering phenotype under long and short day conditions.  
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The striking formation of aerial rosettes in the sdg7-5 mutant is also interesting, as this 
phenotype is also displayed in delayed flowering mutants of the genes SOC1, AGAMOUS-
LIKE 42 (AGL42), AGL71 and AGL72 (Dorca-Fornell et al., 2011). These genes are 
implicated in promoting flowering at the shoot apical and axillary meristems. In addition, 
mutation in AERIAL ROSETTE-1 (ART1) also shows the appearance of aerial rosettes, and its 
implication in flowering development have been associated to mediating activation of FLC 
expression independently of FRIGIDA (FRI). The association of SGD7 with the induction of 
VIN3 (Lee et al., 2015) might indicate certain implications in flowering time pathways. 
Further analyses are needed to reveal a possible association of SDG7 and SDG24 in flowering 
time. 
In addition, results from the combinatorial peptide-binding assays suggested that both 
SDG7 and SDG24 could recognize different PTMs. The presence of acetylated histones H3 
and H4 (H3ac and H4ac) and the methylation of the H3K4me1/me2/me3 is characteristic of 
transcriptionally active chromatin (Sanchez and Gutierrez, 2009; Karnani et al., 2010; Costas 
et al., 2011). Also, acetylation of H2BK5 has been associated with active genes and the 
presence of H2AK5ac with double strand breaks (DSBs) (Ikura et al., 2007; Wang et al., 
2008). On the other hand, binding to different H3K27 methylated peptides seem antagonistic 
between SDG7 and SDG24 in terms of chromatin state distribution, as H3K27me1 is enriched 
in constitutive heterochromatin, whereas H3K27me3 marks gene repression in the 
euchromatin (Sequeira-Mendes et al., 2014; Sequeira-Mendes and Gutierrez, 2016).  
More intriguing was the preferential recognition of H4K20me1/me2/me3 substrates by 
SDG24. In mammalian cells studies have shown that H4K20 methylation may affect higher-
order chromatin structure due to its position at the junction of DNA and the nucleosome (Lu 
et al., 2008). Furthermore, acetylation of a neighboring residue, H4K16, has been 
demonstrated to regulate higher-order chromatin dynamics and reduction for H4K20me2 
affinity by 53BP1, a target of ATM kinase that forms nuclear foci upon DSB induction 
(Daley and Sung, 2014). Interestingly, our histone peptide binding of SDG24 showed that in 
the presence of H4K16ac, the affinity for H4K20me2 decreased by 70%, and 20% for the 
H4K20me3 mark. However the demonstration of H4K20 in plant chromatin remains elusive. 
Future advances depend on addressing PTMs changes, considering the particular nucleolar 








5.4 SDG7 and SDG24 have a function in the control of rDNA stability  
In Arabidopsis actively transcribed NORs associate to the nucleolus differently across 
accessions, being in some cases the NOR4 or NOR2 mutually exclusive, and in other cases, a 
combination of both at the same time (Rabanal et al., 2017). In Arabidopsis the study of 45S 
3′ETS regions allows the identification of rDNA variants associated specifically with each 
NOR (Pontvianne et al., 2012; Rabanal et al., 2017). Our work provided evidence that the 
disruption of SDG7 and SDG24 expression affected directly rDNA stability in differentiated 
organs during the Arabidopsis sporophytic life cycle.  
In particular, the SDG24 null mutant, sdg24-2, caused the loss of inactive copies 
accompanied by a loss of telomeric sequences. These results have led us to reason that a 
major part of NOR2 was lost in the sdg24-2 allele. Studies in CAF1 mutants (fas1, fas2) have 
shown that only ∼10–20% of rDNA is sufficient for cell viability in Arabidopsis (Mozgova et 
al., 2010; Pavlistova et al., 2016), which explained why loosing ∼70% of rDNA copies in 
sdg24-2 does not represent a major challenge for the plant growth under normal conditions. 
However, it must kept in mind that cell cycle defects are observed within the RAM, involving 
a lower cell division capacity and early accumulation of S-phase cells in the proliferative 
domain of the root. Interestingly, the unbalance in rDNA copies was coped in the sdg24-2 
mutant by relocating all remaining variants inside the nucleolus in a highly decondensed state. 
By the contrary, sdg7-5 mutants seemed to alter rDNA stability in a different manner, that is, 
by an apparent increase of active rDNA copies, although the rRNA silencing mechanism 
appears to be very similar to the wild type. The figure 5.2 displays a schematic representation 
of the results obtained from sdg7-5 and sdg24-2 mutants regarding the rDNA and rRNA 
patterns. 
Different mechanism could explain the loss of DNA occurring during the cell cycle. For 
instance, in mammalian cells reports indicate that breaks in the 45S repeat are predominantly 
repaired through NHEJ (Harding et al., 2015); although, HR-mediated DNA repair is also 
involved in the restoration of breaks in the rDNA (van Sluis and McStay, 2015). Particularly, 
in human cells, the wide distribution of rDNA repeats over multiple chromosomes 
complicates HR-mediated repair, resulting in repeat loss (Warmerdam et al., 2016). In 
Arabidopsis, studies in fas mutants indicate that the loss of rDNA repeats depends partly on 
the activity of the DNA double-strand break repair factor RAD51B, a paralog of RAD51, 










Interestingly, from our expression analysis of components of the DSB pathway, we 
observed a slight increased of RAD51 and BRCA1 expression, and this might correspond to a 
very localized response of DBS repair at the nucleolar periphery or the basal activity of this 
proteins.   
Another possibility accounting for changes of rDNA copies will be the result of DSBs 
in the replication fork. In the budding yeast, breaks within rDNA due to the activity of FOB1 
can be repaired by equal or unequal sister chromatid recombination (ESCR or USCR, 
respectively), being USCR the pathway leading to rDNA copy number changes (Fig. 5.3) 







Fig. 5.2. rDNA and rRNA patterns of 
SDG7 and SDG24 mutants. Representation 
of rDNA copy number variation of the wild 
type (Col-0), sdg7-5 and sdg24-2 mutants. 
VAR1 and a subset of VAR3 are located in 
the NOR2, while VAR2 and the rest of 
VAR3 in the NOR4. A silencing mechanism 
inactivates NOR2 variants expression during 
vegetative development. Red and green 
circles represent repression or activation of 
rRNA, respectively. The lower panels show 
PCR amplification products of rDNA and 
rRNA templates. Denote the loss of VAR1 
copies in sdg24-2, and the increase of VAR2 
copies in sdg7-5. Chr2: Chromosome 2; 
Chr4: chromosome 4; TEL2N: telomeric 
sequences of Chr2 short arm; TEL4N: 









USCR: replicated region: 
USCR: un replicated region: 
Figure 5.3. Copy number changes causes by 
USCR. A DSB (red dot) forms in the rDNA 
replication bubble and recombination could 
follow different pathways. USCR in replicated 
regions leads to increase of copy number while 
USCR recombination with the unreplicated 
(nonbubble) region results in loss of rDNA 
copy number (pink lines) and formation of 
rDNA circles. Grey arrows represent each unit 



































When a broken end is recombined within the replicated region in an USCR fashion, 
duplication of genes can occur, increasing therefore copy number. On the other hand, if a 
broken end recombined with its own chromatid in the unreplicated region (intrachromatid 
recombination), an extrachromosomal rDNA circle (ERC) is produced, resulting in a “looping 
out” of rDNA copies from the chromatid (Ganley et al., 2009). Extra chromosomal DNA 
circles have been found in many organisms, including plants, although we have not 
determined yet if this is the case in the sdg7-5 and sdg24-2 mutants. In Arabidopsis, the size 
of circular DNA ranges between  2 kb and 20 kb, which is similar to the sizes found in other 
organisms (Cohen et al., 2008; Cohen et al., 2010). We can speculate that in the absence of 
SDG24, looping out of several units of rDNA copies of NOR2 might occur within several 
rounds of replication during the seed formation. 
In Arabidopsis, a recent study published by Mohannath et al. (2016) uncovers the 
mechanism by which atxr5/6 mutant alters rDNA patterns of normally silenced variants 
(NOR2). The overrepresentation of VAR1 in atxr5/6 mutant responds to a major 
recombination event, where much of the NOR4 and its associated telomere sequences 
(TEL4N) have been lost and substituted with the corresponding sequences of chromosome 2. 
Therefore NOR2-derived VAR1 genes at their new location (Chr4) scape silencing, while 
NOR2 remained inactivated (Fig. 5.4). However this arrangement was independent of the 
atxr5/6 mutations, as some atxr5/6 mutant lines also displayed the wild type rDNA pattern 








Fig. 5.4. Recombination event explaining atxr5/6 
RDNA patterns. A recombinant event translocate 
NOR2-derived rDNA genes (VAR1) and its 
Telomere-associated sequences into the NOR4 
location, replacing NOR4 variants (VAR2-VAR3) in 
the chromosome 4, independently of atxr5/6 mutation. 
Red and green circles represent repression and 
activation of rRNA, respectively. Chr2: Chromosome 
2; Chr4: chromosome 4; TEL2N: telomeric sequences 
of Chr2 short arm; TEL4N: telomeric sequences of 






























More than one mechanism could account for replacement of NOR4 variants, including 
one single crossover between NOR2 and NOR4 during meiosis, or by a non-reciprocal 
translocation resulted from a break-induced replication initiated by a collapsed replication 
fork or DSBs. If DBS repair within NOR4 is mediated by homologous NOR2 sequences 
rather than a NOR4 unbroken sister chromatid, the result from this recombination event will 
not alter the amount of rDNA copies, which is in agreement with ongoing experiments on 
atxr5/6 mutant derived from our work (data not shown).  
Form our work, we also observed that the rDNA pattern given by the sdg24-2 mutant 
was dominant over the sdg7-5 mutation, and also over atxr5/6. However, in the context of 
nucleolar dominance, where NOR-derived rDNAs from one progenitor are selectively 
silenced, sdg24-2 falls into another category, since the loss of NOR2-rDNA copies seems to 
be dominant over the silencing mechanisms upon NOR2. This phenomenon uncovers an 
earlier event controlling the stability of rDNA copies. Overall, although the mechanism of 
NOR2 silencing is still present in the atxr5/6 mutant, the phenotype of the atxr5/6, sdg7-5 
triple mutant also responds to a translocation event of NOR2-derived variants into the NOR4, 
as the triple mutant displayed overrepresentation of VAR1 rDNA copies. On the contrary, in 
the triple mutant atxr5/6, sdg24-2 various possible outcomes could result from combining 
different NOR2 and NOR4 alleles. However it became evident that the sdg24-2 mutation 
exerts control over the wild type NOR2 and the translocated NOR2 into the NOR4 location 
present in the atxr5/6 mutant. 
It has been proposed that transcriptional regulation of NOR2 is not the result of 
silencing of individual rRNA genes based on their sequences, but rather the consequence of a 
single chromosomal event (Chandrasekhara et al., 2016; Mohannath et al., 2016). Differences 
in both NOR-adjacent sequences have pointed out in the NOR2 to a region composed of 
transposable elements and transposon remnants that spans for ∼60 kb before the first protein-
coding sequence, while in the NOR4 only a 3 kb region separates the last rDNA gene from 
the next protein-coding sequence. 
Taking together our results, we propose that both SDG7 and SDG24 might regulate the 
proper DNA damage repair mechanisms exclusively associated to rDNA regions. Whether 
this mechanism is mediated by the deposition of a specific mark in the rDNA chromatin is yet 


























































1- SDG7 is as nuclear and cytoplasmic protein, expressed preferentially in proliferative cells 
of Arabidopsis organs. 
2- The SDG24 gene possesses several mRNA splicing variants expressed in different 
organs. The SDG24.1 variant is expressed in the primary and lateral roots, trichomes, 
anthers and gametic cells of mature ovules. Expression of SDG24.2 is found only in the 
anthers. 
3- The SDG24 protein (translated from SDG24.1 variant) shows nucleolar localization along 
the root meristem cells.  
4- Both SDG7 and SDG24 are absent during early events of mitosis, and loaded into the 
nucleus during telophase in root meristem cells. 
5- SDG7 binds preferentially to the modified histones residues H3K4ac, H3K9me2 and 
H3K27me1, in a context where H3R8/R17/R26 are dimethylated and histones H2A, H2B 
and H4 are acetylated. SDG24 shows a high binding capacity for acetylated H2A and 
H2B, H3K27me2/me3, and H4K20me1/me2, which is repressed by nearby H4K16ac. 
6- Both SDG7 and SDG24 are SET domain-containing proteins with no detectable histone 
methyltransferase activity using in vitro assays with proteins produced in E. coli. 
7- The absence of SDG7 and SDG24 in the null alleles sdg7-5 and sdg24-2 produces 
alterations in the cell division rate, the DNA replication pattern and the root meristem 
length. 
8- The rDNA pattern is severely altered in the sdg7-5 and sdg24-2 mutants. The sdg7-5 
mutant increases NOR4-active rDNA VAR2, whereas the sdg24-2 mutant displays a loss 
of NOR2-inactive rDNA VAR1 and a shortening of telomeres. Both, sdg7-5 and sdg24-2 
mutants do not alter rRNA silencing patterns in mature organs. 
9- The loss of NOR2-inactive rDNA variants in the sdg24-2 mutant is epistatic to sdg7-5 












1- La proteína SDG7 posee una localización nuclear y citoplasmática, expresada 
preferencialmente en las células  proliferativas de los órganos de Arabidopsis. 
2- El gen de SDG24 posee diferentes variantes de splicing expresadas en diferentes órganos. 
La variante SDG24.1 se expresa en la raíz principal y laterales, los tricomas, las anteras, y 
en las células gaméticas de óvulos maduros. La expresión de SDG24.2 se localiza solo en 
las anteras. 
3- La proteína SDG24 (traducida de la variante SDG24.1) muestra una localización 
nucleolar en células del meristemo de la raíz.  
4- Las proteínas SDG7 y SDG24 se encuentran ausentes desde el principio de la mitosis, y 
vuelven a ser cargadas al núcleo durante la telofase en células del meristemo de la raíz. 
5- SDG7 se une preferentemente a los residuos de histonas modificados H3K4ac, H3K9me2 
y H3K27me1, en un contexto en el que existen dimetilaciones de H3R8/R17/R26 y 
acetilación de las histonas H2A, H2B y la H4. SDG24 presentó una afinidad de unión por  
residuos H2A y H2B acetilados, H3K27me2/me3,  y H4K20me1/me2, unión que se ve 
disminuida por la presencia de H4K16ac. 
6- Mediante ensayos in vitro con proteínas SDG7 y SDG24 purificadas de E. coli no se 
detectó actividad metiltransferasa sobre histonas. 
7- La ausencia de expresión de SDG7 y SDG24 en los mutantes nulos sdg7-5 y sdg24-2 
produce alteraciones del patrón de división celular, de la replicación del DNA y de la 
longitud del meristemo de la raíz.  
8- El patrón de rDNA se encuentra severamente afectado en los mutantes sdg7-5 y sdg24-2. 
El mutante sdg7-5 presenta un incremento de la variante activa de rDNA (VAR2) 
asociada al NOR4, mientras que el mutante sdg24-2 exhibe una pérdida de la variante 
inactiva de rDNA (VAR1) asociada al NOR4 y un acortamiento de los telómeros. Ambos 
mutantes no alteran el patrón de silenciamiento del rRNA observado en órganos maduros.  
9- La pérdida de variantes de rDNA inactivas del NOR2 del mutante sdg24-2 es epistática 
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Appendix 1. Histone peptide binding results 
The peptide binding arrays incubated with His6X-SDG7 and His6X-SDG24.1 were 
analyzed by Western blot against the His6X tag and quantified with the aid of the array 
analysis software (Active Motif). Here is presented the average of activity of spot intensity 














Location Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. 
act. 
1 A1 H3 1-19 unmod    0.094 
2 A2 H3 1-19 R2me2s    0.192 
3 A3 H3 1-19 R2me2a    0.149 
4 A4 H3 1-19 R2Citr    0.062 
5 A5 H3 1-19 T3P    0.088 
6 A6 H3 1-19 K4me1    0.216 
7 A7 H3 1-19 K4me2    0.219 
8 A8 H3 1-19 K4me3    0.239 
9 A9 H3 1-19 K4ac    0.849 
10 A10 H3 1-19 R8me2s    0.331 
11 A11 H3 1-19 R8me2a    0.422 
12 A12 H3 1-19 R8Citr    0.095 
13 A13 H3 1-19 K9me1    0.058 
14 A14 H3 1-19 K9me2    0.579 
15 A15 H3 1-19 K9me3    0.244 
16 A16 H3 1-19 K9ac    0.052 
17 A17 H3 1-19 S10P    0.020 
18 A18 H3 1-19 T11P    0.022 
19 A19 H3 1-19 K14ac    0.084 
20 A20 H3 1-19 R2me2s T3P   0.229 
21 A21 H3 1-19 R2me2s K4me1   0.997 
22 A22 H3 1-19 R2me2s K4me2   0.957 
23 A23 H3 1-19 R2me2s K4me3   0.761 
24 A24 H3 1-19 R2me2s K4ac   0.896 
25 B1 H3 1-19 R2me2a T3P   0.066 
26 B2 H3 1-19 R2me2a K4me1   0.045 
27 B3 H3 1-19 R2me2a K4me2   0.075 
28 B4 H3 1-19 R2me2a K4me3   0.093 
29 B5 H3 1-19 R2me2a K4ac   0.640 
30 B6 H3 1-19 R2Citr T3P   0.573 
31 B7 H3 1-19 R2Citr K4me1   0.101 
32 B8 H3 1-19 R2Citr K4me2   0.097 
33 B9 H3 1-19 R2Citr K4me3   0.091 
34 B10 H3 1-19 R2Citr K4ac   0.052 
35 B11 H3 1-19 T3P K4me1   0.089 
36 B12 H3 1-19 T3P K4me2   0.050 
37 B13 H3 1-19 T3P K4me3   0.264 
38 B14 H3 1-19 T3P K4ac   0.038 
39 B15 H3 1-19 R2me2s T3P K4me1  0.054 
40 B16 H3 1-19 R2me2s T3P K4me2  0.300 
41 B17 H3 1-19 R2me2s T3P K4me3  0.500 
42 B18 H3 1-19 R2me2s T3P K4ac  0.102 
43 B19 H3 1-19 R2me2a T3P K4me1  0.106 
44 B20 H3 1-19 R2me2a T3P K4me2  0.050 
45 B21 H3 1-19 R2me2a T3P K4me3  0.236 
46 B22 H3 1-19 R2me2a T3P K4ac  0.068 
47 B23 H3 1-19 R8me2s K9me1   0.226 
48 B24 H3 1-19 R8me2s K9me2   0.596 



























Location Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. 
act. 
49 C1 H3 1-19 R8me2s K9me3   0.243 
50 C2 H3 1-19 R8me2s K9ac   0.066 
51 C3 H3 1-19 R8me2s S10P   0.033 
52 C4 H3 1-19 R8me2s T11P   0.043 
53 C5 H3 1-19 R8me2a K9me1   0.645 
54 C6 H3 1-19 R8me2a K9me2   0.420 
55 C7 H3 1-19 R8me2a K9me3   0.977 
56 C8 H3 1-19 R8me2a K9ac   0.929 
57 C9 H3 1-19 R8me2a S10P   0.197 
58 C10 H3 1-19 R8me2a T11P   0.039 
59 C11 H3 1-19 R8Citr K9me1   0.817 
60 C12 H3 1-19 R8Citr K9me2   0.533 
61 C13 H3 1-19 R8Citr K9me3   0.345 
62 C14 H3 1-19 R8Citr K9ac   0.026 
63 C15 H3 1-19 R8Citr S10P   0.032 
64 C16 H3 1-19 R8Citr T11P   0.040 
65 C17 H3 1-19 K9me1 S10P   0.031 
66 C18 H3 1-19 K9me1 T11P   0.708 
67 C19 H3 1-19 K9me1 K14ac   0.096 
68 C20 H3 1-19 K9me2 S10P   0.014 
69 C21 H3 1-19 K9me2 T11P   0.013 
70 C22 H3 1-19 K9me2 K14ac   0.029 
71 C23 H3 1-19 K9me3 S10P   0.014 
72 C24 H3 1-19 K9me3 T11P   0.021 
73 D1 H3 1-19 K9me3 K14ac   0.028 
74 D2 H3 1-19 K9ac S10P   0.005 
75 D3 H3 1-19 K9ac T11P   0.018 
76 D4 H3 1-19 K9ac K14ac   0.042 
77 D5 H3 1-19 S10P T11P   0.023 
78 D6 H3 1-19 S10P K14ac   0.018 
79 D7 H3 1-19 T11P K14ac   0.027 
80 D8 H3 1-19 R8me2s K9me1 S10P  0.042 
81 D9 H3 1-19 R8me2s K9me2 S10P  0.058 
82 D10 H3 1-19 R8me2s K9me3 S10P  0.118 
83 D11 H3 1-19 R8me2s K9ac S10P  0.106 
84 D12 H3 1-19 R8me2s K9me1 T11P  0.059 
85 D13 H3 1-19 R8me2s K9me2 T11P  0.063 
86 D14 H3 1-19 R8me2s K9me3 T11P  0.420 
87 D15 H3 1-19 R8me2s K9ac T11P  0.031 
88 D16 H3 1-19 R8me2a K9me1 S10P  0.084 
89 D17 H3 1-19 R8me2a K9me2 S10P  0.329 
90 D18 H3 1-19 R8me2a K9me3 S10P  0.059 
91 D19 H3 1-19 R8me2a K9ac S10P  0.087 
92 D20 H3 1-19 R8me2a K9me1 T11P  0.008 
93 D21 H3 1-19 R8me2a K9me2 T11P  0.012 
94 D22 H3 1-19 R8me2a K9me3 T11P  0.019 
95 D23 H3 1-19 R8me2a K9ac T11P  0.011 
96 D24 H3 1-19 R8me2a K9me1 S10P T11P 0.015 
97 E1 H3 1-19 R8me2a K9me2 S10P T11P 0.006 
98 E2 H3 1-19 R8me2a K9me3 S10P T11P 0.000 
99 E3 H3 1-19 R8me2a K9ac S10P T11P 0.009 
100 E4 H3 1-19 R2me2s K4me1 R8me2s  0.108 
101 E5 H3 1-19 R2me2s K4me2 R8me2s  0.080 
102 E6 H3 1-19 R2me2s K4me3 R8me2s  0.123 
103 E7 H3 1-19 R2me2s K4ac R8me2s  0.071 
104 E8 H3 1-19 R2me2a K4me1 R8me2a  0.354 
105 E9 H3 1-19 R2me2a K4me2 R8me2a  0.191 
106 E10 H3 1-19 R2me2a K4me3 R8me2a  0.255 
107 E11 H3 1-19 R2me2a K4ac R8me2a  0.252 
108 E12 H3 1-19 R2me2s K4me1 K9me1  0.238 
109 E13 H3 1-19 R2me2s K4me2 K9me1  0.828 
110 E14 H3 1-19 R2me2s K4me3 K9me1  0.360 
111 E15 H3 1-19 R2me2s K4ac K9me1  0.435 
112 E16 H3 1-19 R2me2a K4me1 K9me2  0.643 
113 E17 H3 1-19 R2me2a K4me2 K9me2  0.321 
114 E18 H3 1-19 R2me2a K4me3 K9me2  0.993 
115 E19 H3 1-19 R2me2a K4ac K9me2  0.126 
116 E20 H3 1-19 R2me2s K4me1 K9me3  0.565 
117 E21 H3 1-19 R2me2s K4me2 K9me3  0.032 
118 E22 H3 1-19 R2me2s K4me3 K9me3  0.637 
119 E23 H3 1-19 R2me2s K4ac K9me3  0.306 
120 E24 H3 1-19 R2me2a K4me1 K9ac  0.032 
121 F1 H3 1-19 R2me2a K4me2 K9ac  0.048 
122 F2 H3 1-19 R2me2a K4me3 K9ac  0.010 
123 F3 H3 1-19 R2me2a K4ac K9ac  0.010 





Location Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. 
act. 
125 F5 H3 1-19 K4me2 R8me2s K9me1  0.049 
126 F6 H3 1-19 K4me3 R8me2s K9me1  0.524 
127 F7 H3 1-19 K4ac R8me2s K9me1  0.148 
128 F8 H3 1-19 K4me1 R8me2a K9me1  0.436 
129 F9 H3 1-19 K4me2 R8me2a K9me1  0.500 
130 F10 H3 1-19 K4me3 R8me2a K9me1  0.600 
131 F11 H3 1-19 K4ac R8me2a K9me1  0.477 
132 F12 H3 1-19 K4me1 R8me2s K9me2  0.889 
133 F13 H3 1-19 K4me2 R8me2s K9me2  0.178 
134 F14 H3 1-19 K4me3 R8me2s K9me2  0.109 
135 F15 H3 1-19 K4ac R8me2s K9me2  0.067 
136 F16 H3 1-19 K4me1 R8me2a K9me2  0.250 
137 F17 H3 1-19 K4me2 R8me2a K9me2  0.351 
138 F18 H3 1-19 K4me3 R8me2a K9me2  0.491 
139 F19 H3 1-19 K4ac R8me2a K9me2  0.083 
140 F20 H3 1-19 K4me1 R8me2s K9me3  0.263 
141 F21 H3 1-19 K4me2 R8me2s K9me3  0.195 
142 F22 H3 1-19 K4me3 R8me2s K9me3  0.044 
143 F23 H3 1-19 K4ac R8me2s K9me3  0.065 
144 F24 H3 1-19 K4me1 R8me2a K9me3  0.183 
145 G1 H3 1-19 K4me2 R8me2a K9me3  0.050 
146 G2 H3 1-19 K4me3 R8me2a K9me3  0.015 
147 G3 H3 1-19 K4ac R8me2a K9me3  0.046 
148 G4 H3 1-19 K4me1 R8me2s K9ac  0.023 
149 G5 H3 1-19 K4me2 R8me2s K9ac  0.022 
150 G6 H3 1-19 K4me3 R8me2s K9ac  0.027 
151 G7 H3 1-19 K4ac R8me2s K9ac  0.080 
152 G8 H3 1-19 K4me1 R8me2a K9ac  0.160 
153 G9 H3 1-19 K4me2 R8me2a K9ac  0.081 
154 G10 H3 1-19 K4me3 R8me2a K9ac  0.065 
155 G11 H3 1-19 K4ac R8me2a K9ac  0.126 
156 G12 H3 1-19 R2me2s K4me1 R8me2s K9me1 0.102 
157 G13 H3 1-19 R2me2s K4me2 R8me2s K9me1 0.200 
158 G14 H3 1-19 R2me2s K4me3 R8me2s K9me1 0.718 
159 G15 H3 1-19 R2me2s K4ac R8me2s K9me1 0.389 
160 G16 H3 1-19 R2me2a K4me1 R8me2s K9me1 0.102 
161 G17 H3 1-19 R2me2a K4me2 R8me2s K9me1 0.291 
162 G18 H3 1-19 R2me2a K4me3 R8me2s K9me1 0.076 
163 G19 H3 1-19 R2me2a K4ac R8me2s K9me1 0.295 
164 G20 H3 1-19 R2me2s K4me1 R8me2s K9me2 0.168 
165 G21 H3 1-19 R2me2s K4me2 R8me2s K9me2 0.082 
166 G22 H3 1-19 R2me2s K4me3 R8me2s K9me2 0.027 
167 G23 H3 1-19 R2me2s K4ac R8me2s K9me2 0.024 
168 G24 H3 1-19 R2me2a K4me1 R8me2s K9me2 0.040 
169 H1 H3 1-19 R2me2a K4me2 R8me2s K9me2 0.052 
170 H2 H3 1-19 R2me2a K4me3 R8me2s K9me2 0.474 
171 H3 H3 1-19 R2me2a K4ac R8me2s K9me2 0.693 
172 H4 H3 1-19 R2me2s K4me1 R8me2s K9me3 0.775 
173 H5 H3 1-19 R2me2s K4me2 R8me2s K9me3 0.558 
174 H6 H3 1-19 R2me2s K4me3 R8me2s K9me3 0.854 
175 H7 H3 1-19 R2me2s K4ac R8me2s K9me3 0.454 
176 H8 H3 1-19 R2me2a K4me1 R8me2s K9me3 0.916 
177 H9 H3 1-19 R2me2a K4me2 R8me2s K9me3 0.946 
178 H10 H3 1-19 R2me2a K4me3 R8me2s K9me3 0.478 
179 H11 H3 1-19 R2me2a K4ac R8me2s K9me3 0.329 
180 H12 H3 1-19 R2me2s K4me1 R8me2s K9ac 0.577 
181 H13 H3 1-19 R2me2s K4me2 R8me2s K9ac 0.234 
182 H14 H3 1-19 R2me2s K4me3 R8me2s K9ac 0.135 
183 H15 H3 1-19 R2me2s K4ac R8me2s K9ac 0.198 
184 H16 H3 1-19 R2me2a K4me1 R8me2s K9ac 0.770 
185 H17 H3 1-19 R2me2a K4me2 R8me2s K9ac 0.454 
186 H18 H3 1-19 R2me2a K4me3 R8me2s K9ac 0.488 
187 H19 H3 1-19 R2me2a K4ac R8me2s K9ac 0.032 
188 H20 H3 1-19 R2me2s K4me1 R8me2a K9me1 0.490 
189 H21 H3 1-19 R2me2s K4me2 R8me2a K9me1 0.528 
190 H22 H3 1-19 R2me2s K4me3 R8me2a K9me1 0.476 
191 H23 H3 1-19 R2me2s K4ac R8me2a K9me1 0.617 
192 H24 H3 1-19 R2me2a K4me1 R8me2a K9me1 0.558 
193 I1 H3 1-19 R2me2a K4me2 R8me2a K9me1 0.254 
194 I2 H3 1-19 R2me2a K4me3 R8me2a K9me1 0.054 
195 I3 H3 1-19 R2me2a K4ac R8me2a K9me1 0.554 
196 I4 H3 1-19 R2me2s K4me1 R8me2a K9me2 0.359 
197 I5 H3 1-19 R2me2s K4me2 R8me2a K9me2 0.584 
198 I6 H3 1-19 R2me2s K4me3 R8me2a K9me2 0.500 
199 I7 H3 1-19 R2me2s K4ac R8me2a K9me2 0.096 





Location Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. 
act. 
201 I9 H3 1-19 R2me2a K4me2 R8me2a K9me2 0.859 
202 I10 H3 1-19 R2me2a K4me3 R8me2a K9me2 0.728 
203 I11 H3 1-19 R2me2a K4ac R8me2a K9me2 0.776 
204 I12 H3 1-19 R2me2s K4me1 R8me2a K9me3 0.953 
205 I13 H3 1-19 R2me2s K4me2 R8me2a K9me3 0.297 
206 I14 H3 1-19 R2me2s K4me3 R8me2a K9me3 0.193 
207 I15 H3 1-19 R2me2s K4ac R8me2a K9me3 0.606 
208 I16 H3 1-19 R2me2a K4me1 R8me2a K9me3 0.523 
209 I17 H3 1-19 R2me2a K4me2 R8me2a K9me3 0.923 
210 I18 H3 1-19 R2me2a K4me3 R8me2a K9me3 0.500 
211 I19 H3 1-19 R2me2a K4ac R8me2a K9me3 0.529 
212 I20 H3 1-19 R2me2s K4me1 R8me2a K9ac 0.381 
213 I21 H3 1-19 R2me2s K4me2 R8me2a K9ac 0.125 
214 I22 H3 1-19 R2me2s K4me3 R8me2a K9ac 0.264 
215 I23 H3 1-19 R2me2s K4ac R8me2a K9ac 0.108 
216 I24 H3 1-19 R2me2a K4me1 R8me2a K9ac 0.051 
217 J1 H3 1-19 R2me2a K4me2 R8me2a K9ac 0.021 
218 J2 H3 1-19 R2me2a K4me3 R8me2a K9ac 0.065 
219 J3 H3 1-19 R2me2a K4ac R8me2a K9ac 0.069 
220 J4 H3 7-26 unmod    0.176 
221 J5 H3 7-26 K14ac    0.062 
222 J6 H3 7-26 K14ac S10P   0.034 
223 J7 H3 7-26 K14ac T11P   0.084 
224 J8 H3 7-26 R17me2s    0.436 
225 J9 H3 7-26 R17me2a    0.180 
226 J10 H3 7-26 R17Citr    0.243 
227 J11 H3 7-26 K18ac    0.163 
228 J12 H3 7-26 K14ac R17me2s   0.206 
229 J13 H3 7-26 K14ac R17me2a   0.142 
230 J14 H3 7-26 K14ac K18ac   0.048 
231 J15 H3 7-26 R17me2s K18ac   0.074 
232 J16 H3 7-26 R17me2a K18ac   0.069 
233 J17 H3 7-26 R17Citr K18ac   0.041 
234 J18 H3 7-26 K14ac R17me2s K18ac  0.052 
235 J19 H3 7-26 K14ac R17me2a K18ac  0.328 
236 J20 H3 16-35 unmod    0.131 
237 J21 H3 16-35 R26me2s    0.328 
238 J22 H3 16-35 R26me2a    0.466 
239 J23 H3 16-35 R26Citr    0.017 
240 J24 H3 16-35 K27me1    0.488 
241 K1 H3 16-35 K27me2    0.009 
242 K2 H3 16-35 K27me3    0.022 
243 K3 H3 16-35 K27ac    0.015 
244 K4 H3 16-35 S28P    0.002 
245 K5 H3 16-35 R26me2s K27me1   0.315 
246 K6 H3 16-35 R26me2s K27me2   0.037 
247 K7 H3 16-35 R26me2s K27me3   0.083 
248 K8 H3 16-35 R26me2s K27ac   0.044 
249 K9 H3 16-35 R26me2s S28P   0.002 
250 K10 H3 16-35 R26me2a K27me1   0.370 
251 K11 H3 16-35 R26me2a K27me2   0.027 
252 K12 H3 16-35 R26me2a K27me3   0.029 
253 K13 H3 16-35 R26me2a K27ac   0.026 
254 K14 H3 16-35 R26me2a S28P   0.010 
255 K15 H3 16-35 R26Citr K27me1   0.056 
256 K16 H3 16-35 R26Citr K27me2   0.043 
257 K17 H3 16-35 R26Citr K27me3   0.014 
258 K18 H3 16-35 R26Citr S28P   0.005 
259 K19 H3 16-35 K27me1 S28P   0.008 
260 K20 H3 16-35 K27me2 S28P   0.005 
261 K21 H3 16-35 K27me3 S28P   0.007 
262 K22 H3 16-35 K27ac S28P   0.005 
263 K23 H3 16-35 R26me2s K27me1 S28P  0.005 
264 K24 H3 16-35 R26me2s K27me2 S28P  0.003 
265 L1 H3 16-35 R26me2s K27me3 S28P  0.002 
266 L2 H3 16-35 R26me2s K27ac S28P  0.001 
267 L3 H3 16-35 R26me2a K27me1 S28P  0.000 
268 L4 H3 16-35 R26me2a K27me2 S28P  0.002 
269 L5 H3 16-35 R26me2a K27me3 S28P  0.008 
270 L6 H3 16-35 R26me2a K27ac S28P  0.003 
271 L7 H3 26-45 unmod    0.037 
272 L8 H3 26-45 K36me1    0.022 
273 L9 H3 26-45 K36me2    0.013 
274 L10 H3 26-45 K36me3    0.046 
275 L11 H3 26-45 K36ac    0.011 





Location Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. 
act. 
277 L13 H4 1-19 S1P    0.972 
278 L14 H4 1-19 R3me2s    0.845 
279 L15 H4 1-19 R3me2a    0.987 
280 L16 H4 1-19 K5ac    0.942 
281 L17 H4 1-19 K8ac    0.176 
282 L18 H4 1-19 K12ac    0.097 
283 L19 H4 1-19 K16ac    0.934 
284 L20 H4 1-19 S1P R3me2s   0.774 
285 L21 H4 1-19 S1P R3me2a   0.616 
286 L22 H4 1-19 S1P K5ac   0.372 
287 L23 H4 1-19 R3me2s K5ac   0.569 
288 L24 H4 1-19 R3me2s K8ac   0.262 
289 M1 H4 1-19 R3me2a K5ac   0.035 
290 M2 H4 1-19 R3me2a K8ac   0.426 
291 M3 H4 1-19 K5ac K8ac   0.109 
292 M4 H4 1-19 K8ac K12ac   0.105 
293 M5 H4 1-19 K8ac K16ac   0.742 
294 M6 H4 1-19 K12ac K16ac   0.745 
295 M7 H4 1-19 S1P R3me2s K5ac  0.117 
296 M8 H4 1-19 S1P R3me2a K5ac  0.418 
297 M9 H4 1-19 R3me2s K5ac K8ac  0.040 
298 M10 H4 1-19 R3me2a K5ac K8ac  0.581 
299 M11 H4 1-19 K5ac K8ac K12ac  0.011 
300 M12 H4 1-19 K8ac K12ac K16ac  0.113 
301 M13 H4 1-19 S1P R3me2s K5ac K8ac 0.065 
302 M14 H4 1-19 S1P R3me2a K5ac K8ac 0.085 
303 M15 H4 1-19 R3me2s K5ac K8ac K12ac 0.015 
304 M16 H4 1-19 R3me2a K5ac K8ac K12ac 0.024 
305 M17 H4 1-19 K5ac K8ac K12ac K16ac 0.013 
306 M18 H4 11-30 unmod    0.013 
307 M19 H4 11-30 K12ac    0.011 
308 M20 H4 11-30 K16ac    0.009 
309 M21 H4 11-30 R17me2s    0.014 
310 M22 H4 11-30 R17me2a    0.016 
311 M23 H4 11-30 R19me2s    0.015 
312 M24 H4 11-30 R19me2a    0.012 
313 N1 H4 11-30 K20me1    0.005 
314 N2 H4 11-30 K20me2    0.003 
315 N3 H4 11-30 K20me3    0.008 
316 N4 H4 11-30 K20ac    0.004 
317 N5 H4 11-30 R24me2a    0.025 
318 N6 H4 11-30 R24me2s    0.031 
319 N7 H4 11-30 K12ac K16ac   0.015 
320 N8 H4 11-30 K16ac R17me2s   0.005 
321 N9 H4 11-30 K16ac R17me2a   0.006 
322 N10 H4 11-30 K16ac R19me2s   0.014 
323 N11 H4 11-30 K16ac R19me2a   0.011 
324 N12 H4 11-30 K16ac K20me1   0.036 
325 N13 H4 11-30 K16ac K20me2   0.034 
326 N14 H4 11-30 K16ac K20me3   0.023 
327 N15 H4 11-30 K16ac K20ac   0.011 
328 N16 H4 11-30 K12ac K16ac K20me1  0.016 
329 N17 H4 11-30 K12ac K16ac K20me2  0.031 
330 N18 H4 11-30 K12ac K16ac K20me3  0.036 
331 N19 H4 11-30 K12ac K16ac K20ac  0.022 
332 N20 H4 11-30 R19me2a K20me1   0.031 
333 N21 H4 11-30 R19me2a K20me2   0.042 
334 N22 H4 11-30 R19me2a K20me3   0.037 
335 N23 H4 11-30 R19me2a K20ac   0.020 
336 N24 H4 11-30 R19me2s K20me1   0.025 
337 O1 H4 11-30 R19me2s K20me2   0.013 
338 O2 H4 11-30 R19me2s K20me3   0.010 
339 O3 H4 11-30 R19me2s K20ac   0.011 
340 O4 H4 11-30 R24me2a K20me1   0.040 
341 O5 H4 11-30 R24me2a K20me2   0.024 
342 O6 H4 11-30 R24me2a K20me3   0.029 
343 O7 H4 11-30 R24me2a K20ac   0.029 
344 O8 H4 11-30 R24me2s K20me1   0.071 
345 O9 H4 11-30 R24me2s K20me2   0.035 
346 O10 H4 11-30 R24me2s K20me3   0.025 
347 O11 H4 11-30 R24me2s K20ac   0.062 
348 O12 H2a 1-19 unmod    1.000 
349 O13 H2a 1-19 S1P    0.990 
350 O14 H2a 1-19 K5ac    0.992 
351 O15 H2a 1-19 K9ac    0.942 





Location Name Mod 1 Mod 2 Mod 3 Mod 4 Norm. 
act. 
353 O17 H2a 1-19 S1P K5ac   0.999 
354 O18 H2a 1-19 S1P K9ac   1.000 
355 O19 H2a 1-19 S1P K13ac   0.995 
356 O20 H2a 1-19 K5ac K9ac   0.991 
357 O21 H2a 1-19 K5ac K13ac   0.999 
358 O22 H2a 1-19 K9ac K13ac   0.992 
359 O23 H2a 1-19 S1P K5ac K9ac  0.975 
360 O24 H2a 1-19 S1P K5ac K13ac  0.606 
361 P1 H2a 1-19 S1P K9ac K13ac  0.634 
362 P2 H2a 1-19 K5ac K9ac K13ac  0.059 
363 P3 H2a 1-19 S1P K5ac K9ac K13ac 0.894 
364 P4 H2b 1-19 unmod    1.000 
365 P5 H2b 1-19 K5ac    0.944 
366 P6 H2b 1-19 K12ac    0.981 
367 P7 H2b 1-19 S14P    0.994 
368 P8 H2b 1-19 K15ac    0.939 
369 P9 H2b 1-19 K5ac K12ac   0.119 
370 P10 H2b 1-19 K5ac S14P   0.799 
371 P11 H2b 1-19 K5ac K15ac   0.899 
372 P12 H2b 1-19 K12ac S14P   0.248 
373 P13 H2b 1-19 K12ac K15ac   0.048 
374 P14 H2b 1-19 S14P K15ac   0.019 
375 P15 H2b 1-19 K5ac K12ac S14P  0.925 
376 P16 H2b 1-19 K5ac K12ac K15ac  0.044 
377 P17 H2b 1-19 K5ac S14P K15ac  0.156 
378 P18 H2b 1-19 K12ac S14P K15ac  0.040 
379 P19 H2b 1-19 K5ac K12ac S14P K15ac 0.017 
380 P20  Biotin control   0.006 
381 P21  c-Myc control   0.002 
382 P22  Negative control   0.007 
383 P23  Background 1   0.988 
384 P24  Background 2   1.000 
 
Pep. No.= Peptide number in one replica grid (left or right).  Location= position of peptide on the grid. Mod= 








































No. Location Name Mod 1 Mod 2 Mod 3 Mod 4 
Norm. 
act. 
1 A1 H3 1-19 unmod    0.896 
2 A2 H3 1-19 R2me2s    0.744 
3 A3 H3 1-19 R2me2a    0.755 
4 A4 H3 1-19 R2Citr    0.618 
5 A5 H3 1-19 T3P    0.499 
6 A6 H3 1-19 K4me1    0.522 
7 A7 H3 1-19 K4me2    0.229 
8 A8 H3 1-19 K4me3    0.109 
9 A9 H3 1-19 K4ac    0.299 
10 A10 H3 1-19 R8me2s    0.192 
11 A11 H3 1-19 R8me2a    0.451 
12 A12 H3 1-19 R8Citr    0.368 
13 A13 H3 1-19 K9me1    0.158 
14 A14 H3 1-19 K9me2    0.107 
15 A15 H3 1-19 K9me3    0.047 
16 A16 H3 1-19 K9ac    0.018 
17 A17 H3 1-19 S10P    0.011 
18 A18 H3 1-19 T11P    0.011 
19 A19 H3 1-19 K14ac    0.037 
20 A20 H3 1-19 R2me2s T3P   0.028 
21 A21 H3 1-19 R2me2s K4me1   0.012 
22 A22 H3 1-19 R2me2s K4me2   0.007 
23 A23 H3 1-19 R2me2s K4me3   0.012 
24 A24 H3 1-19 R2me2s K4ac   0.011 
25 B1 H3 1-19 R2me2a T3P   0.754 
26 B2 H3 1-19 R2me2a K4me1   0.541 
27 B3 H3 1-19 R2me2a K4me2   0.249 
28 B4 H3 1-19 R2me2a K4me3   0.220 
29 B5 H3 1-19 R2me2a K4ac   0.329 
30 B6 H3 1-19 R2Citr T3P   0.107 
31 B7 H3 1-19 R2Citr K4me1   0.053 
32 B8 H3 1-19 R2Citr K4me2   0.084 
33 B9 H3 1-19 R2Citr K4me3   0.079 
34 B10 H3 1-19 R2Citr K4ac   0.125 
35 B11 H3 1-19 T3P K4me1   0.670 
36 B12 H3 1-19 T3P K4me2   0.155 
37 B13 H3 1-19 T3P K4me3   0.128 
38 B14 H3 1-19 T3P K4ac   0.050 
39 B15 H3 1-19 R2me2s T3P K4me1  0.015 
40 B16 H3 1-19 R2me2s T3P K4me2  0.010 
41 B17 H3 1-19 R2me2s T3P K4me3  0.031 
42 B18 H3 1-19 R2me2s T3P K4ac  0.014 
43 B19 H3 1-19 R2me2a T3P K4me1  0.031 
44 B20 H3 1-19 R2me2a T3P K4me2  0.040 
45 B21 H3 1-19 R2me2a T3P K4me3  0.027 
46 B22 H3 1-19 R2me2a T3P K4ac  0.010 
47 B23 H3 1-19 R8me2s K9me1   0.001 
48 B24 H3 1-19 R8me2s K9me2   0.019 
49 C1 H3 1-19 R8me2s K9me3   0.287 
50 C2 H3 1-19 R8me2s K9ac   0.212 
51 C3 H3 1-19 R8me2s S10P   0.122 
52 C4 H3 1-19 R8me2s T11P   0.127 
53 C5 H3 1-19 R8me2a K9me1   0.104 
54 C6 H3 1-19 R8me2a K9me2   0.084 
55 C7 H3 1-19 R8me2a K9me3   0.027 
56 C8 H3 1-19 R8me2a K9ac   0.013 
57 C9 H3 1-19 R8me2a S10P   0.018 
58 C10 H3 1-19 R8me2a T11P   0.027 
59 C11 H3 1-19 R8Citr K9me1   0.085 
60 C12 H3 1-19 R8Citr K9me2   0.041 
61 C13 H3 1-19 R8Citr K9me3   0.043 

























No. Location Name Mod 1 Mod 2 Mod 3 Mod 4 
Norm. 
act. 
62 C14 H3 1-19 R8Citr K9ac   0.011 
63 C15 H3 1-19 R8Citr S10P   0.005 
64 C16 H3 1-19 R8Citr T11P   0.007 
65 C17 H3 1-19 K9me1 S10P   0.015 
66 C18 H3 1-19 K9me1 T11P   0.013 
67 C19 H3 1-19 K9me1 K14ac   0.025 
68 C20 H3 1-19 K9me2 S10P   0.020 
69 C21 H3 1-19 K9me2 T11P   0.015 
70 C22 H3 1-19 K9me2 K14ac   0.016 
71 C23 H3 1-19 K9me3 S10P   0.004 
72 C24 H3 1-19 K9me3 T11P   0.011 
73 D1 H3 1-19 K9me3 K14ac   0.183 
74 D2 H3 1-19 K9ac S10P   0.069 
75 D3 H3 1-19 K9ac T11P   0.049 
76 D4 H3 1-19 K9ac K14ac   0.046 
77 D5 H3 1-19 S10P T11P   0.018 
78 D6 H3 1-19 S10P K14ac   0.019 
79 D7 H3 1-19 T11P K14ac   0.011 
80 D8 H3 1-19 R8me2s K9me1 S10P  0.012 
81 D9 H3 1-19 R8me2s K9me2 S10P  0.010 
82 D10 H3 1-19 R8me2s K9me3 S10P  0.011 
83 D11 H3 1-19 R8me2s K9ac S10P  0.025 
84 D12 H3 1-19 R8me2s K9me1 T11P  0.027 
85 D13 H3 1-19 R8me2s K9me2 T11P  0.010 
86 D14 H3 1-19 R8me2s K9me3 T11P  0.007 
87 D15 H3 1-19 R8me2s K9ac T11P  0.007 
88 D16 H3 1-19 R8me2a K9me1 S10P  0.007 
89 D17 H3 1-19 R8me2a K9me2 S10P  0.007 
90 D18 H3 1-19 R8me2a K9me3 S10P  0.017 
91 D19 H3 1-19 R8me2a K9ac S10P  0.013 
92 D20 H3 1-19 R8me2a K9me1 T11P  0.024 
93 D21 H3 1-19 R8me2a K9me2 T11P  0.037 
94 D22 H3 1-19 R8me2a K9me3 T11P  0.022 
95 D23 H3 1-19 R8me2a K9ac T11P  0.004 
96 D24 H3 1-19 R8me2a K9me1 S10P T11P 0.073 
97 E1 H3 1-19 R8me2a K9me2 S10P T11P 0.073 
98 E2 H3 1-19 R8me2a K9me3 S10P T11P 0.068 
99 E3 H3 1-19 R8me2a K9ac S10P T11P 0.026 
100 E4 H3 1-19 R2me2s K4me1 R8me2s  0.012 
101 E5 H3 1-19 R2me2s K4me2 R8me2s  0.008 
102 E6 H3 1-19 R2me2s K4me3 R8me2s  0.007 
103 E7 H3 1-19 R2me2s K4ac R8me2s  0.007 
104 E8 H3 1-19 R2me2a K4me1 R8me2a  0.005 
105 E9 H3 1-19 R2me2a K4me2 R8me2a  0.007 
106 E10 H3 1-19 R2me2a K4me3 R8me2a  0.011 
107 E11 H3 1-19 R2me2a K4ac R8me2a  0.012 
108 E12 H3 1-19 R2me2s K4me1 K9me1  0.018 
109 E13 H3 1-19 R2me2s K4me2 K9me1  0.021 
110 E14 H3 1-19 R2me2s K4me3 K9me1  0.009 
111 E15 H3 1-19 R2me2s K4ac K9me1  0.004 
112 E16 H3 1-19 R2me2a K4me1 K9me2  0.006 
113 E17 H3 1-19 R2me2a K4me2 K9me2  0.005 
114 E18 H3 1-19 R2me2a K4me3 K9me2  0.010 
115 E19 H3 1-19 R2me2a K4ac K9me2  0.012 
116 E20 H3 1-19 R2me2s K4me1 K9me3  0.025 
117 E21 H3 1-19 R2me2s K4me2 K9me3  0.015 
118 E22 H3 1-19 R2me2s K4me3 K9me3  0.013 
119 E23 H3 1-19 R2me2s K4ac K9me3  0.002 
120 E24 H3 1-19 R2me2a K4me1 K9ac  0.025 
121 F1 H3 1-19 R2me2a K4me2 K9ac  0.105 
122 F2 H3 1-19 R2me2a K4me3 K9ac  0.048 
123 F3 H3 1-19 R2me2a K4ac K9ac  0.034 
124 F4 H3 1-19 K4me1 R8me2s K9me1  0.015 
125 F5 H3 1-19 K4me2 R8me2s K9me1  0.006 
126 F6 H3 1-19 K4me3 R8me2s K9me1  0.005 
127 F7 H3 1-19 K4ac R8me2s K9me1  0.005 
128 F8 H3 1-19 K4me1 R8me2a K9me1  0.006 
129 F9 H3 1-19 K4me2 R8me2a K9me1  0.008 
130 F10 H3 1-19 K4me3 R8me2a K9me1  0.019 
131 F11 H3 1-19 K4ac R8me2a K9me1  0.023 
132 F12 H3 1-19 K4me1 R8me2s K9me2  0.034 
133 F13 H3 1-19 K4me2 R8me2s K9me2  0.063 
134 F14 H3 1-19 K4me3 R8me2s K9me2  0.015 
135 F15 H3 1-19 K4ac R8me2s K9me2  0.010 
136 F16 H3 1-19 K4me1 R8me2a K9me2  0.005 




No. Location Name Mod 1 Mod 2 Mod 3 Mod 4 
Norm. 
act. 
138 F18 H3 1-19 K4me3 R8me2a K9me2  0.008 
139 F19 H3 1-19 K4ac R8me2a K9me2  0.010 
140 F20 H3 1-19 K4me1 R8me2s K9me3  0.013 
141 F21 H3 1-19 K4me2 R8me2s K9me3  0.010 
142 F22 H3 1-19 K4me3 R8me2s K9me3  0.009 
143 F23 H3 1-19 K4ac R8me2s K9me3  0.013 
144 F24 H3 1-19 K4me1 R8me2a K9me3  0.022 
145 G1 H3 1-19 K4me2 R8me2a K9me3  0.211 
146 G2 H3 1-19 K4me3 R8me2a K9me3  0.100 
147 G3 H3 1-19 K4ac R8me2a K9me3  0.054 
148 G4 H3 1-19 K4me1 R8me2s K9ac  0.030 
149 G5 H3 1-19 K4me2 R8me2s K9ac  0.014 
150 G6 H3 1-19 K4me3 R8me2s K9ac  0.008 
151 G7 H3 1-19 K4ac R8me2s K9ac  0.004 
152 G8 H3 1-19 K4me1 R8me2a K9ac  0.004 
153 G9 H3 1-19 K4me2 R8me2a K9ac  0.009 
154 G10 H3 1-19 K4me3 R8me2a K9ac  0.059 
155 G11 H3 1-19 K4ac R8me2a K9ac  0.051 
156 G12 H3 1-19 R2me2s K4me1 R8me2s K9me1 0.050 
157 G13 H3 1-19 R2me2s K4me2 R8me2s K9me1 0.067 
158 G14 H3 1-19 R2me2s K4me3 R8me2s K9me1 0.021 
159 G15 H3 1-19 R2me2s K4ac R8me2s K9me1 0.011 
160 G16 H3 1-19 R2me2a K4me1 R8me2s K9me1 0.009 
161 G17 H3 1-19 R2me2a K4me2 R8me2s K9me1 0.010 
162 G18 H3 1-19 R2me2a K4me3 R8me2s K9me1 0.010 
163 G19 H3 1-19 R2me2a K4ac R8me2s K9me1 0.007 
164 G20 H3 1-19 R2me2s K4me1 R8me2s K9me2 0.004 
165 G21 H3 1-19 R2me2s K4me2 R8me2s K9me2 0.005 
166 G22 H3 1-19 R2me2s K4me3 R8me2s K9me2 0.008 
167 G23 H3 1-19 R2me2s K4ac R8me2s K9me2 0.017 
168 G24 H3 1-19 R2me2a K4me1 R8me2s K9me2 0.018 
169 H1 H3 1-19 R2me2a K4me2 R8me2s K9me2 0.402 
170 H2 H3 1-19 R2me2a K4me3 R8me2s K9me2 0.257 
171 H3 H3 1-19 R2me2a K4ac R8me2s K9me2 0.092 
172 H4 H3 1-19 R2me2s K4me1 R8me2s K9me3 0.103 
173 H5 H3 1-19 R2me2s K4me2 R8me2s K9me3 0.025 
174 H6 H3 1-19 R2me2s K4me3 R8me2s K9me3 0.010 
175 H7 H3 1-19 R2me2s K4ac R8me2s K9me3 0.004 
176 H8 H3 1-19 R2me2a K4me1 R8me2s K9me3 0.005 
177 H9 H3 1-19 R2me2a K4me2 R8me2s K9me3 0.011 
178 H10 H3 1-19 R2me2a K4me3 R8me2s K9me3 0.026 
179 H11 H3 1-19 R2me2a K4ac R8me2s K9me3 0.046 
180 H12 H3 1-19 R2me2s K4me1 R8me2s K9ac 0.105 
181 H13 H3 1-19 R2me2s K4me2 R8me2s K9ac 0.052 
182 H14 H3 1-19 R2me2s K4me3 R8me2s K9ac 0.019 
183 H15 H3 1-19 R2me2s K4ac R8me2s K9ac 0.010 
184 H16 H3 1-19 R2me2a K4me1 R8me2s K9ac 0.013 
185 H17 H3 1-19 R2me2a K4me2 R8me2s K9ac 0.027 
186 H18 H3 1-19 R2me2a K4me3 R8me2s K9ac 0.012 
187 H19 H3 1-19 R2me2a K4ac R8me2s K9ac 0.012 
188 H20 H3 1-19 R2me2s K4me1 R8me2a K9me1 0.005 
189 H21 H3 1-19 R2me2s K4me2 R8me2a K9me1 0.006 
190 H22 H3 1-19 R2me2s K4me3 R8me2a K9me1 0.017 
191 H23 H3 1-19 R2me2s K4ac R8me2a K9me1 0.031 
192 H24 H3 1-19 R2me2a K4me1 R8me2a K9me1 0.004 
193 I1 H3 1-19 R2me2a K4me2 R8me2a K9me1 0.677 
194 I2 H3 1-19 R2me2a K4me3 R8me2a K9me1 0.517 
195 I3 H3 1-19 R2me2a K4ac R8me2a K9me1 0.297 
196 I4 H3 1-19 R2me2s K4me1 R8me2a K9me2 0.059 
197 I5 H3 1-19 R2me2s K4me2 R8me2a K9me2 0.029 
198 I6 H3 1-19 R2me2s K4me3 R8me2a K9me2 0.008 
199 I7 H3 1-19 R2me2s K4ac R8me2a K9me2 0.005 
200 I8 H3 1-19 R2me2a K4me1 R8me2a K9me2 0.006 
201 I9 H3 1-19 R2me2a K4me2 R8me2a K9me2 0.014 
202 I10 H3 1-19 R2me2a K4me3 R8me2a K9me2 0.023 
203 I11 H3 1-19 R2me2a K4ac R8me2a K9me2 0.021 
204 I12 H3 1-19 R2me2s K4me1 R8me2a K9me3 0.020 
205 I13 H3 1-19 R2me2s K4me2 R8me2a K9me3 0.016 
206 I14 H3 1-19 R2me2s K4me3 R8me2a K9me3 0.011 
207 I15 H3 1-19 R2me2s K4ac R8me2a K9me3 0.008 
208 I16 H3 1-19 R2me2a K4me1 R8me2a K9me3 0.018 
209 I17 H3 1-19 R2me2a K4me2 R8me2a K9me3 0.054 
210 I18 H3 1-19 R2me2a K4me3 R8me2a K9me3 0.060 
211 I19 H3 1-19 R2me2a K4ac R8me2a K9me3 0.025 
212 I20 H3 1-19 R2me2s K4me1 R8me2a K9ac 0.014 




No. Location Name Mod 1 Mod 2 Mod 3 Mod 4 
Norm. 
act. 
214 I22 H3 1-19 R2me2s K4me3 R8me2a K9ac 0.020 
215 I23 H3 1-19 R2me2s K4ac R8me2a K9ac 0.111 
216 I24 H3 1-19 R2me2a K4me1 R8me2a K9ac 0.192 
217 J1 H3 1-19 R2me2a K4me2 R8me2a K9ac 0.822 
218 J2 H3 1-19 R2me2a K4me3 R8me2a K9ac 0.622 
219 J3 H3 1-19 R2me2a K4ac R8me2a K9ac 0.201 
220 J4 H3 7-26 unmod    0.168 
221 J5 H3 7-26 K14ac    0.039 
222 J6 H3 7-26 K14ac S10P   0.014 
223 J7 H3 7-26 K14ac T11P   0.008 
224 J8 H3 7-26 R17me2s    0.009 
225 J9 H3 7-26 R17me2a    0.009 
226 J10 H3 7-26 R17Citr    0.013 
227 J11 H3 7-26 K18ac    0.024 
228 J12 H3 7-26 K14ac R17me2s   0.015 
229 J13 H3 7-26 K14ac R17me2a   0.023 
230 J14 H3 7-26 K14ac K18ac   0.017 
231 J15 H3 7-26 R17me2s K18ac   0.012 
232 J16 H3 7-26 R17me2a K18ac   0.039 
233 J17 H3 7-26 R17Citr K18ac   0.098 
234 J18 H3 7-26 K14ac R17me2s K18ac  0.057 
235 J19 H3 7-26 K14ac R17me2a K18ac  0.263 
236 J20 H3 16-35 unmod    0.049 
237 J21 H3 16-35 R26me2s    0.037 
238 J22 H3 16-35 R26me2a    0.052 
239 J23 H3 16-35 R26Citr    0.051 
240 J24 H3 16-35 K27me1    0.342 
241 K1 H3 16-35 K27me2    0.862 
242 K2 H3 16-35 K27me3    0.573 
243 K3 H3 16-35 K27ac    0.248 
244 K4 H3 16-35 S28P    0.019 
245 K5 H3 16-35 R26me2s K27me1   0.132 
246 K6 H3 16-35 R26me2s K27me2   0.017 
247 K7 H3 16-35 R26me2s K27me3   0.011 
248 K8 H3 16-35 R26me2s K27ac   0.004 
249 K9 H3 16-35 R26me2s S28P   0.004 
250 K10 H3 16-35 R26me2a K27me1   0.007 
251 K11 H3 16-35 R26me2a K27me2   0.010 
252 K12 H3 16-35 R26me2a K27me3   0.004 
253 K13 H3 16-35 R26me2a K27ac   0.005 
254 K14 H3 16-35 R26me2a S28P   0.000 
255 K15 H3 16-35 R26Citr K27me1   0.011 
256 K16 H3 16-35 R26Citr K27me2   0.042 
257 K17 H3 16-35 R26Citr K27me3   0.036 
258 K18 H3 16-35 R26Citr S28P   0.004 
259 K19 H3 16-35 K27me1 S28P   0.004 
260 K20 H3 16-35 K27me2 S28P   0.004 
261 K21 H3 16-35 K27me3 S28P   0.004 
262 K22 H3 16-35 K27ac S28P   0.004 
263 K23 H3 16-35 R26me2s K27me1 S28P  0.015 
264 K24 H3 16-35 R26me2s K27me2 S28P  0.022 
265 L1 H3 16-35 R26me2s K27me3 S28P  0.166 
266 L2 H3 16-35 R26me2s K27ac S28P  0.091 
267 L3 H3 16-35 R26me2a K27me1 S28P  0.044 
268 L4 H3 16-35 R26me2a K27me2 S28P  0.024 
269 L5 H3 16-35 R26me2a K27me3 S28P  0.012 
270 L6 H3 16-35 R26me2a K27ac S28P  0.008 
271 L7 H3 26-45 unmod    0.038 
272 L8 H3 26-45 K36me1    0.011 
273 L9 H3 26-45 K36me2    0.020 
274 L10 H3 26-45 K36me3    0.006 
275 L11 H3 26-45 K36ac    0.011 
276 L12 H4 1-19 unmod    0.004 
277 L13 H4 1-19 S1P    0.007 
278 L14 H4 1-19 R3me2s    0.011 
279 L15 H4 1-19 R3me2a    0.030 
280 L16 H4 1-19 K5ac    0.107 
281 L17 H4 1-19 K8ac    0.444 
282 L18 H4 1-19 K12ac    0.187 
283 L19 H4 1-19 K16ac    0.050 
284 L20 H4 1-19 S1P R3me2s   0.015 
285 L21 H4 1-19 S1P R3me2a   0.010 
286 L22 H4 1-19 S1P K5ac   0.032 
287 L23 H4 1-19 R3me2s K5ac   0.172 
288 L24 H4 1-19 R3me2s K8ac   0.222 




No. Location Name Mod 1 Mod 2 Mod 3 Mod 4 
Norm. 
act. 
290 M2 H4 1-19 R3me2a K8ac   0.594 
291 M3 H4 1-19 K5ac K8ac   0.300 
292 M4 H4 1-19 K8ac K12ac   0.111 
293 M5 H4 1-19 K8ac K16ac   0.194 
294 M6 H4 1-19 K12ac K16ac   0.048 
295 M7 H4 1-19 S1P R3me2s K5ac  0.019 
296 M8 H4 1-19 S1P R3me2a K5ac  0.012 
297 M9 H4 1-19 R3me2s K5ac K8ac  0.015 
298 M10 H4 1-19 R3me2a K5ac K8ac  0.013 
299 M11 H4 1-19 K5ac K8ac K12ac  0.014 
300 M12 H4 1-19 K8ac K12ac K16ac  0.014 
301 M13 H4 1-19 S1P R3me2s K5ac K8ac 0.017 
302 M14 H4 1-19 S1P R3me2a K5ac K8ac 0.018 
303 M15 H4 1-19 R3me2s K5ac K8ac K12ac 0.329 
304 M16 H4 1-19 R3me2a K5ac K8ac K12ac 0.346 
305 M17 H4 1-19 K5ac K8ac K12ac K16ac 0.521 
306 M18 H4 11-30 unmod    0.435 
307 M19 H4 11-30 K12ac    0.238 
308 M20 H4 11-30 K16ac    0.233 
309 M21 H4 11-30 R17me2s    0.027 
310 M22 H4 11-30 R17me2a    0.034 
311 M23 H4 11-30 R19me2s    0.157 
312 M24 H4 11-30 R19me2a    0.186 
313 N1 H4 11-30 K20me1    0.968 
314 N2 H4 11-30 K20me2    0.711 
315 N3 H4 11-30 K20me3    0.465 
316 N4 H4 11-30 K20ac    0.271 
317 N5 H4 11-30 R24me2a    0.264 
318 N6 H4 11-30 R24me2s    0.071 
319 N7 H4 11-30 K12ac K16ac   0.052 
320 N8 H4 11-30 K16ac R17me2s   0.057 
321 N9 H4 11-30 K16ac R17me2a   0.128 
322 N10 H4 11-30 K16ac R19me2s   0.090 
323 N11 H4 11-30 K16ac R19me2a   0.019 
324 N12 H4 11-30 K16ac K20me1   0.040 
325 N13 H4 11-30 K16ac K20me2   0.203 
326 N14 H4 11-30 K16ac K20me3   0.373 
327 N15 H4 11-30 K16ac K20ac   0.360 
328 N16 H4 11-30 K12ac K16ac K20me1  0.625 
329 N17 H4 11-30 K12ac K16ac K20me2  0.480 
330 N18 H4 11-30 K12ac K16ac K20me3  0.079 
331 N19 H4 11-30 K12ac K16ac K20ac  0.010 
332 N20 H4 11-30 R19me2a K20me1   0.063 
333 N21 H4 11-30 R19me2a K20me2   0.037 
334 N22 H4 11-30 R19me2a K20me3   0.039 
335 N23 H4 11-30 R19me2a K20ac   0.081 
336 N24 H4 11-30 R19me2s K20me1   0.092 
337 O1 H4 11-30 R19me2s K20me2   0.951 
338 O2 H4 11-30 R19me2s K20me3   0.839 
339 O3 H4 11-30 R19me2s K20ac   0.608 
340 O4 H4 11-30 R24me2a K20me1   0.736 
341 O5 H4 11-30 R24me2a K20me2   0.449 
342 O6 H4 11-30 R24me2a K20me3   0.168 
343 O7 H4 11-30 R24me2a K20ac   0.100 
344 O8 H4 11-30 R24me2s K20me1   0.149 
345 O9 H4 11-30 R24me2s K20me2   0.096 
346 O10 H4 11-30 R24me2s K20me3   0.143 
347 O11 H4 11-30 R24me2s K20ac   0.082 
348 O12 H2a 1-19 unmod    0.051 
349 O13 H2a 1-19 S1P    0.240 
350 O14 H2a 1-19 K5ac    0.440 
351 O15 H2a 1-19 K9ac    0.522 
352 O16 H2a 1-19 K13ac    0.808 
353 O17 H2a 1-19 S1P K5ac   0.711 
354 O18 H2a 1-19 S1P K9ac   0.606 
355 O19 H2a 1-19 S1P K13ac   0.098 
356 O20 H2a 1-19 K5ac K9ac   0.044 
357 O21 H2a 1-19 K5ac K13ac   0.014 
358 O22 H2a 1-19 K9ac K13ac   0.190 
359 O23 H2a 1-19 S1P K5ac K9ac  0.050 
360 O24 H2a 1-19 S1P K5ac K13ac  0.094 
361 P1 H2a 1-19 S1P K9ac K13ac  1.000 
362 P2 H2a 1-19 K5ac K9ac K13ac  0.972 
363 P3 H2a 1-19 S1P K5ac K9ac K13ac 0.868 
364 P4 H2b 1-19 unmod    0.799 




No. Location Name Mod 1 Mod 2 Mod 3 Mod 4 
Norm. 
act. 
366 P6 H2b 1-19 K12ac    0.585 
367 P7 H2b 1-19 S14P    0.591 
368 P8 H2b 1-19 K15ac    0.387 
369 P9 H2b 1-19 K5ac K12ac   0.153 
370 P10 H2b 1-19 K5ac S14P   0.127 
371 P11 H2b 1-19 K5ac K15ac   0.025 
372 P12 H2b 1-19 K12ac S14P   0.026 
373 P13 H2b 1-19 K12ac K15ac   0.022 
374 P14 H2b 1-19 S14P K15ac   0.023 
375 P15 H2b 1-19 K5ac K12ac S14P  0.817 
376 P16 H2b 1-19 K5ac K12ac K15ac  0.812 
377 P17 H2b 1-19 K5ac S14P K15ac  0.112 
378 P18 H2b 1-19 K12ac S14P K15ac  0.026 
379 P19 H2b 1-19 K5ac K12ac S14P K15ac 0.017 
380 P20   Biotin control     0.004 
381 P21   c-Myc control     0.004 
382 P22   Negative control     0.004 
383 P23   Background 1     0.073 
384 P24   Background 2     0.038 
 
Pep. No.= Peptide number in one replica grid (left or right).  Location= position of peptide on the grid. Mod= 
modified mark in the peptide. Norm. act.= normalized activity of spot intensity. 
 
 
